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Abstract 
The!intricate!interplay!of!biomolecules!acting!together,!rather!than!alone,!
provides!insight!into!the!most!basic!of!cellular!functions,!such!as!cell!signaling,!
metabolism,!defense,!and,!ultimately,!the!creation!of!life.!Inherent!in!each!of!these!
processes!is!an!evolutionary!tendency!towards!increased!efficiency!by!means!of!
biolgocial!synergy—!the!ability!of!individual!elements!of!a!system!to!produce!a!
combined!effect!that!is!different!and!often!greater!than!the!sum!of!the!effects!of!the!
parts.!Modern!biochemists!are!challenged!to!find!model!systems!to!characterize!
biological!synergy.!
We!discuss!the!multicomponent,!enzyme!complex!the!cellulosome!as!a!model!
system!of!biological!synergy.!Native!cellulosomes!comprise!numerous!carbohydrateX
active!binding!proteins!and!enzymes!designed!for!the!efficient!degradation!of!plant!cell!
wall!matrix!polysaccharides,!namely!cellulose.!Cellulosomes!are!modular!enzyme!
complexes,!comparable!to!enzyme!“legos”!that!may!be!readily!constructed!into!multiple!
geometries!by!synthetic!design.!Cellulosomal!enzymes!provide!means!to!measure!
protein!efficiency!with!altered!complex!geometry!through!assay!of!enzymatic!activity!as!
a!function!of!geometry.!
Cellulosomes!are!known!to!be!highly!efficient!at!cellulose!depolymerization,!and!
current!debates!on!the!molecular!origins!of!this!efficiency!suggest!two!related!effects!
!!
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provide!this!efficiency:!i)!substrate!targeting,!which!argues!that!the!localization!of!the!
enzyme!complex!at!the!interface!of!insoluble!cell!wall!polysaccharides!facilitates!
substrate!depolymerization;!and!ii)!proximity!effects,!which!describe!the!implicit!benefit!
for!coXlocalizing!multiple!enzymes!with!divergent!substrate!preferences!on!the!activity!
of!the!whole!complex.!
Substrate!targeting!can!be!traced!to!the!activity!of!a!single!protein,!the!
cellulosomal!scaffoldin!cellulose!binding!module!CBM3a!that!is!thought!to!uniquely!
bind!highly!crystalline,!insoluble!cellulose.!We!introduce!methods!to!develop!a!
molecular!understanding!of!the!substrate!preferences!for!CBM3a!on!soluble!and!
insoluble!cellulosic!substrates.!Using!pivaloylysis!of!cellulose!triacetate,!we!obtain!
multiple!soluble!celloXoligosaccharides!with!increasing!degree!of!glucose!polymerization!
(DP)!from!glucose!(DP1)!to!cellodecaose!(DP10)!in!high!yield.!Using!calorimetry!and!
centrifugal!titrations,!celloXoligosacharides!were!shown!to!not!bind!Clostridial!
cellulolyticum!CMB3a.!We!developed!AFM!cantilever!functionalization!protocols!to!
immobilize!CBM3a!and!then!probe!the!interfacial!binding!between!CBM3a!and!a!
cellulose!nanocrystal!thin!film!using!force!spectroscopy.!Specific!binding!at!the!interface!
was!demonstrated!in!reference!to!a!control!protein!that!does!not!bind!cellulose.!The!
results!indicate!that!i)!CBM3a!specifically!binds!nanocrystalline!cellulose!and!ii)!specific!
interfacial!binding!may!be!probed!by!force!spectroscopy!with!the!proper!introduction!of!
controls!and!blocking!agents.!
!!
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The!question!of!enzyme!proximity!effects!in!the!cellulosome!must!be!answered!
by!assaying!the!activity!of!cellulosomal!cellulases!in!response!to!cellulosome!geometry.!
The!kinetic!characterization!of!cellulases!requires!robust!and!reproducible!assays!to!
quantify!functional!cellulase!content!of!from!recombinant!enzyme!preparations.!To!
facilitate!the!realXtime!routine!assay!of!cellulase!activity,!we!developed!a!custom!
synthesis!of!a!fluorogenic!cellulase!substrate!based!on!the!cellohexaoside!of!Driguez!and!
coXworkers!(vide2infra).!Two!routes!to!synthesize!a!key!thiophenyl!glycoside!building!
block!were!presented,!with!the!more!concise!route!providing!the!disaccharide!in!four!
steps!from!a!commercial!starting!material.!The!disaccharide!building!blocks!were!
coupled!by!chemical!activation!to!yield!the!fully!protected!cellohexaoside!over!
additional!six!steps.!Future!work!will!include!the!elaboration!of!this!compound!into!an!
underivatized!FRETXpaired!hexasaccharide!and!its!subsequent!use!in!cellulase!activity!
assays.!
This!dissertation!also!covers!an!experimental!system!for!the!evaluation!of!
methonium!desolvation!thermodynamics.!Methonium!(XN+Me3,!Am)!is!an!organic!
cation!widely!distributed!in!biological!systems.!The!appearance!of!methonium!in!
biological!transmitters!and!receptors!seems!at!odds!with!the!large!unfavorable!
desolvation!free!energy!reported!for!tetramethylammonium!(TMA+),!a!frequently!
utilized!surrogate!of!methonium.!We!report!an!experimental!system!that!facilitates!
!!
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incremental!internalization!of!methonium!within!the!molecular!cavity!of!cucurbit[7]uril!
(CB[7]).!
Using!a!combination!of!experimental!and!computational!studies!we!show!that!
the!transfer!of!methonium!from!bulk!water!to!the!CB[7]!cavity!is!accompanied!by!a!
remarkably!small!desolvation!enthalpy!of!just!0.5±0.3!kcal•molX1,!a!value!significantly!
less!endothermic!than!those!values!suggested!from!gasXphase!model!studies!(+49.3!
kcal•molX1).!More!surprisingly,!the!incremental!withdrawal!of!methonium!surface!from!
water!produces!a!nonX!monotonic!response!in!desolvation!enthalpy.!A!partially!
desolvated!state!exists,!in!which!a!portion!of!the!methonium!group!remains!exposed!to!
solvent.!This!structure!incurs!an!increased!enthalpic!penalty!of!~3!kcal•molX1!compared!
to!other!solvation!states.!We!attribute!this!observation!to!the!preX!encapsulation!deX
wetting!of!the!methonium!surface.!Together,!our!results!offer!a!rationale!for!the!wide!
biological!distribution!of!methonium!and!suggest!limitations!to!computational!estimates!
of!binding!affinities!based!on!simple!parameterization!of!solventXaccessible!surface!area.!
!
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1. The cellulosome: structure and function from genetic 
profiling to structural biology. 
1.1 The cellulosome in the era of post-reductionist biochemistry 
In!his!1998!recollection!on!the!“golden!era!for!understanding!enzyme!
mechanisms,”!Professor!Gordon!G.!Hammes!described!mechanistic!enzymology—or!the!
study!of!the!myriad!molecular!processes!that!confound!the!chemistry!of!enzymeX
catalyzed!reactions—as!a!vibrant!area!of!study!dominated!by!meticulous!research!into!
minutest!details!of!an!enzymatic!transformation.1!His!opinions!were!largely!influenced!
by!the!advent!of!highly!sensitive!tools!in!the!1990’s!that!allowed!scientists!to!measure!
biochemical!heat!flows!as!small!as!10!nanocalories!per!second,!protein!dynamics!in!the!
picosecond!regime,!and!biomolecular!phenomena!with!single!molecule!resolution.!One!
might!say!Professor!Hammes’!account!marks!the!pinnacle!of!the!Reductionist!Era!of!
biochemistry.!Almost!overnight,!however,!the!“dissect!and!build”!mantra!of!the!postX
reductionist!movement!in!contemporary!chemical!biology!that!came!to!the!fore!at!the!
turn!of!the!century!quickly!and!drastically!altered!the!way!we!study!the!chemistry!of!
biology.!!
Gierasch!and!Gershenson!beautifully!illustrated!the!new!direction!of!biochemistry!with!
a!somewhat!whimsical!perspective!entitled!“PostXreductionist!protein!science,!or!putting!
Humpty!Dumpty!back!together!again,”!which!appeared!in!Nat.2Chem.2Biol.!in!November!
of!2009.2!This!account!correlates!the!puzzled!attempts!of!“all!the!king’s!men”!to!
!!2!
reassemble!Humpty!Dumpty!to!the!efforts!of!modern!biochemists!to!elucidate!enzyme!
mechanisms!out!of!the!context!of!the!cell!with!the!aim!to!determine!the!cellular!function!
of!the!enzyme!and!its!associated!pathways.!To!equate!this!story!to!my!own!education,!
my!advisor!once!related!reductionist!biochemistry!to!studying!all!of!the!pieces!of!a!car!to!
learn!to!drive.!Bruce!Albert!writes!that!“indeed,!the!entire!cell!can!be!viewed!as!a!factory!
that!contains!an!elaborate!network!of!interlocking!assembly!lines,!each!of!which!is!
composed!of!a!set!of!large!protein!machines.”3!!
PostXreductionist!biochemistry!is!the!study!of!biomolecules!using!cellular!
systems!and!inXvitro!model!systems!that!represent!the!cellular!environment.!Cellular!
and!multiXprotein!model!systems!are!larger!than!traditional!single!protein!experiments,!
but!can!still!be!genetically!or!biochemically!modified!to!impose!controls!and!limits,!such!
as!the!suppression!of!undesired!side!reactions!via!gene!silencing.!The!goal!of!postX
reductionist!biochemistry!is!not!to!discount!or!remove!detailed!studies!of!individual!
biomolecules!for!inXdepth!mechanistic!study,!but!rather!to!explore!these!molecules!in!a!
larger!context!with!the!aim!of!illustrating!the!new!phenomena!that!arise!from!the!
complex!interplay!of!molecular!processes.!
Herein,!we!describe!an!experimental!system!tailored!to!monitor!a!ubiquitous!
characteristic!of!biology,!synergy—the!ability!of!individual!elements!of!a!system!to!
produce!a!combined!effect!that!is!different!and!often!greater!than!the!sum!of!the!effects
!3!
of!the!parts—,!as!a!function!of!increased!chemical!complexity.!Biological!synergy!is!a!
characteristic!of!a!group!of!molecules!whose!combined!activity!is!evidently!different!and!
often!greater!than!the!sum!of!the!contributions!of!the!parts!(e.g.!enzyme!velocity!in!
multiXenzyme!systems!or!avidity!in!extracellular!carbohydrate!binding!proteins).!A!
molecular!description!of!synergy!is!almost!entirely!absent!from!the!current!state!of!
knowledge.!Here,!we!attempt!to!model!biological!synergy!with!aims!to!elucidate!the!
chemical!and!kinetic!mechanism!of!the!Clostridial!enzyme!system!known!as!the!
cellulosome.!Made!up!of!individually!active!protein!components!that!collectively!function!
with!enhanced!activity!in!comparison!to!the!sum!of!the!parts,!the!cellulosome!provides!a!
unique!opportunity!to!build!complexity!into!an!enzyme!system!and!simultaneously!
quantify!synergy!as!is!pertains!to!this!complexity.!!
1.1.1 The cellulosome: discovery and initial characterization 
In!the!early!1980s,!Israeli!scientists!Edward!Bayer!and!Raphael!Lamed!reported!
the!discovery!of!a!polypXshaped!protrusion!on!the!exterior!cell!membrane!of!Clostridia2
thermocellum,!an!anaerobic,!thermophilic!bacterium!isolated!from!sewage!for!to!its!ability!
to!efficiently!degrade!cellulose,!or!the!β(1→ 4)Xpolymer!of!DX(+)Xglucose.4L8!Using!
electron!microscopy!(Figure!1b!and!c;!scale!bars!~!100!nm)!and!immunoelectrophoresis!
Lamed,!Bayer,!and!others!correlated!the!presence!of!these!polyps!with!the!ability!to!bind!
Avicel!(microcrystalline!cellulose).4!!
!4!
in close contact with the cell surface. The number of
known dockerin-bearing enzymes in C. thermocellum
is at least double the number of cohesins in the scaf-
foldin subunit. A unique interaction between specific
cohesin–dockerin pairs is therefore unlikely. In fact,
biochemical evidence indicates that the interaction
among the cohesins and dockerins within a given
species is non specific36,37. A possible consequence of
this phenomenon is that the composition of the cellu-
losome is regulated by the relative amounts of the
available dockerin-containing polypeptides, which
are incorporated randomly into the complex. Indi-
vidual cellulosome complexes would therefore differ
in their exact content and distribution of subunits38.
The heterogeneous nature of the cellulosome prob-
ably affects its overall structure. The flexibility of the
many glycosylated linkers, which interconnect the
various domains in the scaffoldin and the cellulo-
somal enzymes, allows multiple degrees of freedom;
for this reason, it is unlikely that a precise crystal
structure of the entire complex will be forthcoming.
Early observations on the cellulosome indicated that
the complex might assume different forms. Cellulo-
somes isolated at early stages of growth appeared
compact, whereas during the later stages of culti-
vation they take on a more relaxed conformation31. It
is tempting to speculate that the cellulosomal struc-
ture could also be influenced by the structure of the
substrate it degrades. For example, cellulosic sub-
strates with high hemicellulose content may induce
formation of cellulosomes rich in hemicellulolytic 
enzymes. There are some indications that the cellulo-
some structure changes upon adsorption to cellu-
lose39, and models incorporating the spacing between
the catalytic groups have been proposed31.
The expression of many cellulosomal genes in C.
thermocellum appears to be constitutive and does not
involve induction by oligosaccharides derived from
cellulose10. The highest expression seems to be
achieved during carbon-source limitation, presum-
ably by a mechanism analogous to catabolite repres-
sion. Little is known about the relative expression of
the various cellulosomal genes that, for the most part,
are monocistronic and scattered throughout the
chromosome of C. thermocellum40. In contrast, many
of the cellulosomal genes in Clostridium cellulolyticum
are part of a large chromosomal cluster41. 
In C. thermocellum, growth on different substrates
appears to alter the relative content of the enzymes
within the complex10. The clearest example of this
phenomenon is the amplification of the Family-48 en-
zyme CelS in the cellulosome during growth of the
bacterium on cellulose instead of cellobiose. Tran-
scriptional analysis of the celA, celD and celF genes42
indicates that the level of transcripts is highest in the
early part of the stationary phase, and the transcrip-
tion starts from two different sites resembling the
Bacillus subtilis !A- and !D-like promoters. More re-
search into the regulation of enzyme expression is
necessary, not only for C. thermocellum but also for
other cellulosome-producing bacteria. 
Why cellulosomes?
The complex enzymology associated with the degra-
dation of insoluble cellulosic substrates makes it 
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Fig. 2. Ultrastructure of the Clostridium thermocellum cell surface. (a) Diagrammatic representation of a typical cell bound to cel-
lulose. (b) Transmission electron micrograph of a resting polycellulosomal protuberance. (c) Transmission electron micrograph of
a protracted polycellulosomal protuberance. The cellulosome is mainly associated with the cellulose surface and connected to
the cell via extended fibrous material, believed to comprise the anchoring proteins. Scale bars = 100 nm.
Box 1. Glossary
Cellulose-binding domain (CBD): Domain that mediates the
interaction of the cellulosome and its enzyme components with
the substrate.
Cellulosomal enzymes: Multimodular enzymes that contain a 
definitive dockerin domain and one or more catalytic modules.
Cellulosome: A discrete, multienzymatic complex that degrades
crystalline cellulosic substrates efficiently.
Cellulosome signature sequences: The presence of dockerin-
and/or cohesin-like sequences in a protein. 
Cohesin: A functional domain on one molecule that selectively
binds to a dockerin domain on another, thereby causing the tena-
cious association of the two.
Dockerin: The molecular counterpart of the cohesin domain.
Scaffoldin: The cellulosome subunit that integrates the other
(enzymatic) subunits into the complex. 
Type-I cohesin–dockerin interaction: The interaction between
the cohesins on scaffoldin with the dockerins of the enzymatic
subunit. 
Type-II cohesin–dockerin interaction: The interaction between
the carboxy-terminal dockerin of scaffoldin with the cohesin
domain(s) of specialized cell-surface anchoring proteins.
!
Figure'1:'Microscopic'i ages'of'cellulos me'protrusions'on'C.#ther ocellum#(adapted'
from'Shoham'et'al.)6# )'diagram' f'cell'bound'to'cellulos ;'b'&'c)'TEM'images'of'
cellulosomes.'
Bayer’s!data,!combined!with!previous!reports!from!Petre!et!al.7!and!Demain9!that!
the!cellulase!activity!of!C.2thermocellum!was!largely!extracellular,!gave!rise!to!the!notion!
of!the!cellulosome!as!an!extracellular!cellulase!complex.!Bayer!and!colleagues!coined!the!
ter !“cellulosome”!to!mirror!other!classifications!of!megadalton!cellular!protein!
machinery!and!organelles!s ch!as!the!canonic!nucleosome,!ribosome,! nd!lipo omes.6,210!
The!structure!of!the!cellulosome!was!determined!by!sedi entation,!electrophoresis,!gel!
permeation,!and!electron!microscopy!as!a!large,!megadalton!proteinXbased!molecule.4,25,2
11!Surprisingly,!once!subjected!to!SDSXPAGE,!the!single!2!MDa!protein!was!found!to!
comprise!fourteen!lower!molecular!weight!proteins!ranging!in!size!from!50!–!200!kDa.5!!
Extensive!analysis!of!the!cellulosome!structure!using! ectron!microscopy!
identified!celluloso es!as!large!as!3.5!MDa!contai ing!up!to!50!protein!subunits!in!
various!strains!of!C.2thermocellum.12!Ljungdahl!and!coXworkers!also!reported!soXcalled!
“polycellulosomes”!comprised!of!multiple!(6X15)!cellulosomes!with!tight!and!loose!
geometries!on!the!order!of!50X80!MDa!and!60!nm!in!diameter.12!Ljungdahl’s!micrographs!
!5!
offered!the!first!experimental!evidence!for!key!structural!features!of!the!cellulosome.!
HighXresolution!images!of!25!nm!cellulosome!particles!displayed!chainXlike!fibers!with!
globular!proteins!attached!in!an!ordered!array!along!the!length!of!the!fiber!(Figure!2a).!
The!images!revealed!the!cellulosome!to!be!a!fibrous!complex!of!globular!proteins,!now!
known!as!cellulase!enzymes,!along!a!supporting!scaffold!protein,!termed!the!scaffoldin!
protein.!!The!resolution!of!these!original!images!would!not!be!improved!until!2011!when!
the!dissect!and!build!strategy!of!Bayer!and!Smith!combined!XXray!crystallography!and!
cryogenic!electron!microscopy!(CryoXEM;!silver!density!maps!in!Figure!2b!and!c)!and!
provided!the!most!resolved!representation!of!the!cellulosome!structure!to!date.!
!
a)!
APPL. ENVIRON. MICROBIOL.
FIG. 9. Gallery of partially decomposed loose cellulosomes
(strain YM4) from the sample depicted in Fig. 6. (a) Apart from an
intact cellulosome (OB), a flattened cellulosome is shown. Its
subunits (small arrowheads) are arranged in parallel rows (large
arrowheads) that are held together by structural components (not
visible). (b and c) As described for panel a; however, because of
intensive flattening and additional artificial deformation by the
preparation for electron microscopy, the formerly straight parallel
rows have been bent into clusters (semicircles and arrowheads),
each of which contains several subunits connected to a central string
of unknown material by ultrathin fibrils (arrows). (d) Higher magni-
fication of an area depicted in panel c. The ultrathin fibrils can be
seen to be attached to the (white) globular masses of the subunits
proper and to a central mass. Bar in panel b; 50 nm; bar in panel d,
25 nm.
cell surface of strain JW20, to cellulose fibers (Fig. 1 to 4), or
both consist of a number of OBS complexes (see Fig. 3a). In
our preliminary investigations (12), the diameters of these
particles in electron micrographs were determined to be 60
nm (OBL) and ca. 20 nm (OBS). On the assumption that the
particles observed were perfectly spherical, as they ap-
peared to be, their masses were calculated to be ca. 100 x
106 kDa (OBL) and 4.5 x 106 kDa (OBS). In this study we
confirmed the diameters to be 60 nm (OBL) and 16 to 18 nm
(OBS). Tilting of the samples in the microscope, however,
showed that both particles are rotational ellipsoids, i.e.,
flattened spheres, rather than perfect spheres. Thus, more
accurate estimates of their masses are 50 x 106 to 80 x 106
kDa (OBL) and 2 x 106 to 2.5 x 106 kDa (OBS). The latter
value is the same as that reported for the complex, for which
Lamed et al. (20) coined the term cellulosome, from cultures
of strain YS. Accordingly, we refer hereafter to the OBS
complexes (and FB complexes, since they appear to be the
same; see above) as cellulosomes. The OBL complexes
would then be termed polycellulosomes. The composition of
the faint skinlike covering of the polycellulosomes of strain
JW20 (see Fig. 3a, inset) is as yet unknown. From the
observed appearance of the skin in electron micrographs,
however, it is tempting to speculate that it may consist of
peptidoglycan remnants.
Polycellulosomes were not observed in electron micro-
graphs of isolated complexes of strain YM4, regardless of
the time of harvesting (Fig. 5 to 9), nor were they isolated
from cultures of this strain by biochemical procedures
(Ljungdahl et al., in press), although we do not preclude the
fact that they were present on the cell surface at early stages
of growth. However, the OBS complexes, i.e., cellulo-
somes, produced by this strain were somewhat larger (diam-
eter, 23 to 30 nm; mass, 3.5 x 106 Da) than those of strain
JW20 and were composed of a greater number of
polypeptide subunits (cf. Fig. 4g and 8). This would account
for the greater total cellulolytic activity but similar specific
activity of strain YM4 relative to that of JW20 (Ljungdahl et
al., in press). On the basis of gel filtration behavior, the
molecular mass of the cellulolytic complex produced by
strain ATCC 27409 was calculated to be 6.5 x 106 Da (Wu
and Demain, Abstr. Annu. Meet. Am. Soc. Microbiol. 1985).
Thus, the cellulosomes from this strain may also be larger
than those from JW20.
On the basis of results of previous investigations, we
conclude that polycellulosomes (OBS complexes), which are
located on the surface of strain JW20 and which make
contact with cellulose fibers, decompose and ultimately form
free polypeptides in the culture fluid (15; Hon-Nami et al., in
press). Results of the electron microscopic studies reported
here confirm such conclusions. The probable paths of de-
composition of the complexes of strains JW20 and YM4 are
illustrated in Fig. 10. One may note that the loss of order
evident in the electron microscopic studies appears to par-
allel the loss of activity against crystalline cellulose as
determined by assay (Hon-Nami et al., in press). Because
there is no evidence that proteases were present in these
cultures of C. thermocellum (Ljungdahl et al., in press),
various other possible explanations must be considered for
the observed decomposition of the enzyme complexes dur-
ing cultivation. Lysis of the bacterium, hydrolysis of cellu-
lose with the consequent release of polycellulosomes, or
both may remove a stabilizing influence. Alternatively, the
accumulation of ethanol, acetate, lactate, cellobiose, and
glucose during fermentation may be destabilizing influences.
The ultrastructural details of cellulosomes, best resolved
in the LOBS particles of JW20 (Fig. 4) and YM4 (Fig. 7 and
9a), are shown in diagrammatic form in Fig. 11. These
exhibit rows of equidistantly spaced polypeptide subunits,
with apparently identical orientation, arranged parallel to the
major axis of the LOBS particle. These details provide clues
as to possible structure-function relationships and to the
mechanism whereby cellulose is hydrolyzed by this organ-
ism (Fig. 12). Thus, the cellulosome is assumed to be
composed of sets of polypeptides (appearing under the
electron microscope as globular particles with attached
ultrathin fibrils) arranged in ordered chainlike arrays and in a
defined orientation. Four or more of these chains, each
composed of five to eight identical subunits, are assumed to
be present. The average center-to-center distance between
individuals in a single chain of the largest type of subunit
(i.e., the distance between the catalytic sites of neighboring
identical subunits) was estimated to be about 4 nm. We note
JWN9AOBL,y4Z20
BAC YM-4 TOBS.'
LOBS
FIG. 10. Time course of decomposition during fermentation of
the cellulolytic enzyme complexes of strains JW20 and YM4.
Probable pathways are indicated by full arrows, and a possible
pathway is indicated by a dotted arrow. Abbreviations: BAC,
bacterial cell surface; LOBS, loose cellulosome; PP, polypeptide
subunits; TOBS, tight cellulosome; JW20 and YM4, clostridial
strains.
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capacity to degrade structural polysaccharides, an
i efficient process due to th chemical and physical
complexity of these macromolecules. Aerobic and
anaerobic plant-cell-wall-degrading microbes h r-
ness extensive consortia of extracellular enzy es
that act in synergy to degrade the recalcitrant
carbohydrates.1 A particularity of the anaerobic
cellulolytic and hemicellulolytic degrading systems
is the assembly of the enzymatic b oc talysts in high-
molecular-weightmultienzyme complexes thatwere
termed cellulosomes.2 Clostridium thermocellum cel-
lulosome includes a large protein scaffold, CipA,
holding an extensive repertoire of glycoside hydro-
lases (Fig. 1a). The non-catalytic CipA contains nine
reiterated cohesin modul s, each interacting with a
corresponding d ck rin module located in cellulo-
somal enzymes (type-I cohesi :dockerin interac-
tions). CipA binds to cell-surface anchoring
proteins via a C-terminal dockerin that recognizes
cohesin modules in cell-surface proteins (type-II
cohesin:dockerin interactions) to engage the cellulo-
some to the bacterium cell wall.1
The atomic structures of several type-I cohesin:
dockerin complexes supported by extensive
Fig. 1. Purification nd EM of wild-type andmutated C. thermocellummini-cellulosomes. (a) Cart on of the cellulosome
and the mini-cellulosome used in this work. (b) The last ste during purificati n consisted of a size-exclusion
chromatography and fractions from the peak were observed under the electron microscope. (c) Representative
micrograph of wild-type mini-cellulosome. The sc le bar represents 30 nm. (d) Selection of representative reference-free
2D averages obtained f r the S45A–S46A mutant mini-cellulos mes. The scale bar represents 5.5 nm.
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correlation coefficient, N0.87) (Fig. 4a, cohesin in
yellow color; dockerin in green color) was found.
The structure of the C. thermocellum mini-cellulo-
some revealed a defined 3D architecture with two
key features: (a) the linker regions between cohesin
modules showed a restricted flexibility, since cryo-
EM images of individual molecules could be
averaged into this 3D structure without significant
smearing. This compact conformation might be a
result of the stabilization of specific contacts
between cohesin modules by the linkers, similar to
what has been found in the structure of two adjacent
A. cellulolyticus type-II cohesin modules;7 (b) the
cellulosome revealed an antiparallel disposition of
the catalytic cores of Cel8A, which alternately
project the enzymes into opposite directions from
the C3, C4 and C5 cohesin modules. This arrange-
ment could be a particular disposition of these
specific modules or, most likely, it could extend
along the entire cellulosome to ensure that consec-
utive subunits project the catalytic domains in a
different orientation. Whereas a parallel conforma-
tion would restrict the access of the enzymes to their
substrate to one side of the scaffolding protein, the
antiparallel arrangement could facilitate the acces-
sibility of the catalytic domains for the substrate in a
larger range of orientations.
While the compact conformation appears to
represent the most stable structure in solution,
other detected arrangements, likely resulting from
the loss of contacts between the linkers and the
cohesin modules, are also possible (Fig. 4b). These
extended conformations probably represent a col-
lection of multiple conformers, as suggested by
Fig. 4. Cryo-EM structure and molecular architecture of the cellulosome. (a) Several views of the 3D cryo-EM structure
of the mini-cellulosome (transparent gray density), showing the atomic structure of cohesin and dockerin modules, and
the Cel8A catalytic domain solved in isolation by X-ray crystallography fitted into the EM density: the cohesin:dockerin
complex (PDB ID 2CCL)3 (cohesin in yellow color; dockerin in green color) and the catalytic core of Cel8A cellulases (PDB
ID 1CEM) (blue color).14 The scale bar represents 5.5 nm. (b) Projections (Proj) of the cryo-EM structure and the
corresponding 2D averages (Aver) obtained after refinement. The scale bar represents 5.5 nm. (c) Cartoon depicting
conformational transitions of the cellulosome based on their experimental images in the electron microscope.
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Figure'2:'Cellulosome'viewed'by'electron'microscopy'(a)'and'joint'CryoEM'(b'&'c)'
and'XGray'crystallography'(c)'(adapted'from'Mayer'et'al.'a d'GarciaGAlvarez'et'al.).12,#13'
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1.1.2 In search of the cellulosome paradigm for enzyme complexation 
The!C.2thermocellum!cellulosome!archetype!has!been!observed!in!numerous!
anaerobic!bacteria!including!thermophillic!Clostridia!!(C.2josui),14!mesophilic!Clostridia!
(C.2cellulolvorans,15L222C.2cellulolyticum,23L292C.!cellobioparum30,!C.2papyrosolvens,31L332C.2
acetobutylicum),34L36!Acetivibrio2cellulolyticus,37!Bacteriodes2cellulosovlens,38,239!Butyrivibrio2
fibrisolvens,402and!Rumminococci2(R.2flavefaciens,41L43!R.2albus,44,245!and!R.2succinogenes).43!
Each!cellulosome!employs!enzyme!complexation!onto!a!structural!scaffoldin!protein—
often!denoted!in!the!original!literature!as!a!celluloseXintegrating!protein!(e.g.!CipA!from!
C.2thermocellum!and!CipC!from!C.2cellulolyticum).14,227!Genetic!sequence!analysis!of!the!
CipA!protein!in!the!C.2thermocellum!cellulosome!indicated!the!scaffoldin!contained!a!
series!of!9!repeating!domains,!seven!of!which!shared!98X100%!homology.46!Later,!a!
similar!set!of!domain!repeats!was!deduced!for!the!scaffoldin!protein!of!C.2cellulovorans,!
further!supporting!the!notion!of!evolutionary!connections!between!the!complexed!
enzymes!among!Clostridia.15!These!domains!would!later!be!called!cohesins!and!shown!to!
be!important!in!the!binding!of!cellulosomal!cellulases!to!Cip!proteins.47!!
Genetic!profiling!also!revealed!that!cellulosomal!enzymes!were!distinct!from!
other!fungal!cellulases!due!to!the!presence!of!a!70!amino!acid!protein!domain!that!
proved!ubiquitous!among!cellulosomal!cellulases!and!scaffoldins.!This!70!residue!
domain!contained!dual!22!amino!acid!repeats!and!a!calciumXbinding!FXhand!segment!of!
the!canonical!EFXhand!motif!in!calcium!binding!proteins.!Furthermore,!many!of!the!
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cellulases!(particularly!the!exoXcellulases!that!degrade!the!cellulose!polymer!from!the!
free!chain!ends)!lacked!celluloseXbinding!domains!(CBD),!and!instead!contained!only!the!
70!residue!domain,!while!other!endoglucanases!contained!both!a!CBD!and!the!70!
residue!domain.!The!70!residue!segment,!denoted!as!the!dockerin!domain,!was!a!
hallmark!of!cellulosomal!proteins!and!quickly!became!a!key!indicator!in!the!
identification!of!new!cellulsomes!and!cellulosomal!proteins!by!phylogenetic!analyses.6!!
Two!significant!findings!illustrated!the!chemical!simplicity!behind!the!repetition!
and!structural!complexity!in!the!megadalton!cellulosomes.!The!first,!and!possibly!the!
most!impactful,!finding!was!the!discovery!that!the!scaffoldin!subunits!(cohesins)!
specifically!bound!to!the!dockerinXcontaining!enzyme!CelD!of!C.2thermocellum.48!Though!
Aubert!and!coXworkers!originally!described!only!the!binding!of!a!degradation!product!
of!the!scaffoldin!protein!to!the!dockerinXborne!CelD!enzyme,!a!tremendous!amount!of!
work!has!since!detailed!the!chemical,!structural,!and!thermodynamic!details!of!the!
cohesionXdockerin!interaction.13,227,237,238,249L56!At!once,!the!observations!of!repeating!patterns!
of!cohesion!domains!along!scaffoldin!proteins!and!the!ubiquitous!inclusion!of!the!10!
kDa!dockerin!subunit!into!cellulosomal!enzymes!provided!a!clear!indication!of!
cellulsomal!assembly.!Futhermore,!as!the!cohesion!repeats!along!the!scaffoldin!were!
nearly!identical,46!the!assembly!of!dockerinXborne!enzymes!along!the!scaffoldin!
appeared!as!a!stochastic!process,!a!notion!soon!supported!by!the!reports!of!Bayer!and!
others.57L59!
!8!
Soon,48!the!initial!characterization!of!the!cellulose!binding!properties!of!the!C.2
thermocellum!CipA!scaffoldin!and,!later,60!the!identification!of!the!type!3a!cellulose!
binding!module!(CBM3a)!as!responsible!for!anchoring!the!entire!cellulosome!to!
crystalline!cellulose!prior!to!cellulolysis!was!reported.!The!fineXtuning!of!cellulose!
recognition!by!CBMs!as!a!function!of!cellulose!structure!is!described!below,!but!the!
evolutionary!advantages!that!the!scaffoldinXborne!CBM3a!provides!cellulosomal!
organsims!are!clearly!apparent.!Unlike!fungal!exoXcellulases!that!each!contain!a!CBM3a!
or!similar!subunit!for!association!to!cellulose,!the!cellulosome!provides!a!single!
anchoring!CBM3a!domain!far!removed!from!the!catalytic!domains.!The!result!of!this!
geometry!is!an!apparent!advantage!for!the!processive!movement!of!exoXcellulases!along!
the!surface!of!the!cellulose.!The!two!paradigmatic!attributes!of!the!C.2thermocellum!
cellulosome!(the!cohesionXdockerin!orchestrated!cellulosome!assembly!and!a!single!
scaffoldinXborne!anchoring!CBM)!are!preserved!across!the!various!structural!types!of!
different!cellulsomal!systems.!!
1.1.2.1'The'cellulosomes'of'C.#thermocellum'and'mesophilic'clostridia'
The!cellulosome!architecture!of!C.2thermocellum,2elucidated!through!numerous!
genetic!and!biochemical!studies!from!the!collaboration!of!Bayer,!Lamed,!and!Béguin,!is!
displayed!in!Figure!3.28,230,246L48,251,253L55,260L67!The!results!indicated!an!intricate!network!of!
enzymeXbound!primary!scaffoldins,!each!of!which!contains!an!orthogonal!dockerin!
domain!(type!II)!that!binds!the!type!II!cohesion!repeats!of!one!of!three!cellXbound!!
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Figure'3:'Clostridium'thermocellum'cellulosome'(adapted'from'Bayer,'2008)47'
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anchoring!scaffoldins!(SdbA,!Orf2p,!and!OlpB).!The!enzymeXborne!dockerin!was!
classified!as!type!I!and!the!cognate!cohesins!found!in!the!primary!CipA!proteins!used!
for!enzyme!immobilization!were!also!designated!as!type!I.!The!anchoring!scaffoldins!
incorporated!ten!type!II!dockerins!across!three!anchoring!scaffoldins!(SdbA:!1;!Orf2p:!2;!
and!OlpB:!7)!allowing!incorporation!of!up!to!ninety!enzymes,!given!that!each!CipA!
protein!contains!nine!type!I!cohesins.!Unlike!the!CipA!protein,!which!contains!a!CBM3a!
domain,!the!anchoring!scaffoldins!contain!only!type!II!cohesins!and!SXlayer!homology!
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(SLH)!domains!that!anchor!the!cellulosome!to!the!cell!membrane.!Recent!reports!also!
suggest!two!additional!CipAXlike!scaffoldins!lacking!surfaceXanchoring!SLH!repeats!
may!be!expressed.68!These!proteins!have!not!been!isolated,!but!genomic!analysis!
suggests!they!contain!multiple!typeXII!dockerin!domains!that!may!aid!in!formation!of!
oligomerizing!CipA!scaffoldins.!Indeed!such!oligomerization!was!reported!by!Bayer!et!
al.,!and,!interestingly,!oligomerization!was!disrupted!by!the!in!vitro!introduction!of!a!
recombinant!type!II!dockerinXinfused!betaXglucosidase!into!the!cellulosome.69!Thus,!the!
complexity!of!the!multiple!scaffoldin!domains!includes!a!level!of!organization!in!which!
the!primary!scaffoldins!(CipA)!bear!enzymes!that!degrade!cellulose!and!CBM3a!
domains!that!target!insoluble,!crystalline!cellulose!matrix,!while,!secondary!anchoring!
scaffoldins!dock!the!CipA•enzyme!complexes!to!the!cell!membrane!where,!presumably,!
the!organism!consumes!the!products!of!cellulolysis.!
! Comparison!of!the!C.2thermocellum!cellulosome!C.2josui*!and!mesophilic!Clostridia!
revealed!a!divergent!cellulosome!structure!that!lacked!the!type!II!cohesion/!dockerin!
domains!and!anchoring!scaffoldins.!The!cellulosomes!of!C.2cellulolytiucm,!C.2cellulovorans,!
and!C.2josui!are!not!cell!associated,!and!each!contains!a!single!enzymeXbinding!scaffoldin!
domain!with!surprisingly!similar!modular!structures!(Table!1).!The!striking!contrast!
between!the!cellulosome!structure!of!C.2thermocellum!and!the!remaining!Clostridia!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
*!C.2josui!has!been!the!subject!of!some!debate!as!to!its!thermophilic!or!mesophilic!character.!It!is!currently!
described!as!a!moderate!thermophile.[70.!Sukhumavasi,!J.,!Ohmiya,!K.,!Shimizu,!S.,!and!Ueno,!K.!(1988)!
Clostridium!josui!sp.!nov.,!a!cellulolytic,!moderate!thermophilic!species!from!Thai!compost,!International2
Journal2of2Systematic2and2Evolutionary2Microbiology!38,!179X182.]!
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Table'1:'Clostdrial'scaffoldin'proteins'
Organism' Scaffoldin' Modular'Structure' MW'
(kDa)'
Ref
.'
C.#thermocellum# CipA! 2(Coh1)XCBM3aX7(Coh1)XXXDoc2! 197! 46!
C.#cellulovorans# CbpA! CBM3aXXX2(Coh1)XXX6(Coh1)X2XXCoh1! 189! 15!
C.#cellulolyticum# CipC! CBM3aXXX7(Coh1)XXXCoh1! 157! 71!
C.#josui# CipA! CBM3aXXX6(Coh1)! 120! 14!
!
sparked!a!debate!about!the!evolutionary!development!of!the!cellulosome.!To!resolve!this!
debate,!extensive!phylogenetic!analyses!of!the!cohesion!and!dockerin!domains!of!
cellulosomeXcontaining!organisms!were!performed!(Figure!4).28!!
!
!
Figure'4:'Phylogenetic'tree'of'cellulosomal'cohesins'and'dockerins28†'
The!results!confirmed!a!close!relationship!among!the!divergent!types!of!type!I,!II,!and!III!
(vide!infra)!cohesins!and!dockerins.!Not!surprisingly,!C.2thermocellum!was!found!to!be!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
†!Annual!Review!of!Microbiology!by!Annual!Reviews.!Reproduced!with!permission!of!Annual!Reviews!in!
the!format!Republish!in!a!thesis/dissertation!via!Copyright!Clearance!Center.!
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evolutionarily!removed!from!the!other!mesophilic!Clostridia,!which!appeared!to!share!a!
common!ancestor.!
Genomic!mining!of!cellulosomeXencoding!Clostridial!DNA!revealed!a!rather!
surprising!gene!cluster!of!scaffoldin!and!enzyme!open!reading!frames.!Again,!the!
enzymeXrich!gene!clusters!of!mesohilic!Clostridia!differed!strikingly!from!the!scaffoldin!
gene!cluster!of!C.2thermocellum.28,247,272!Aside!from!highly!homologous!enzymeXlinked!
gene!clusters!for!the!cellulosomes!of!mesophilic!Clostridia,!the!species!were!genetically!
diverse.!It!has!been!postulated!that!the!similarities!in!cellulosomes!came!not!from!
divergent!evolution!of!a!common!ancestor!but!from!horizontal!gene!transfer!across!
Clostridial!communities!of!similar!origin.!Indeed,!C.2cellulolyticum,!C.2cellulovorans,!and!
C.2josui!were!all!isolated!from!agricultural!waste.18!It!is!interesting!to!note!that!C.2
acetobutylicum,!a!wellXknown!solventXproducing!clostridium,!contains!an!enzymeXlinked!
cellulosome!gene!cluster,!but!does!not!produce!a!cellulosome.34,247,273!!
1.1.2.2'The'complex'cellulosomes'of'Acetevibrio'cellulolyticus,'Bacteriodes#
cellulosolvens,'and'Ruminoccus#flavefaciens#
Table'2:'Complex'cellulosome'scaffoldins'
Organism' Scaffoldin' Modular'Structure' Ref.'
C.#thermocellum# CipA! 2(Coh1)XCBM3aX7(Coh1)XXXDoc2! 46!
# SdbA! Coh2X(linker)X3(SLH)! !
# OlpB! 7(Coh2)X(linker)X3(SLH)! !
# Orf2p! 2(Coh2)X3(SLH)! !
A.#cellulolyticus# ScaA! GH9X3(Coh1)XCBM3aX4(Coh1)XXXDoc2! 37,247!
# ScaB! 4(Coh2)XDoc3! !
# ScaC! 3(Coh3)X3(SLH)! !
# ScaD! 2(Coh2)XCoh1X3(SLH)! !
!13!
B.#cellulosolvens# ScaA! 5(Coh2)XCMB3aX6(Coh2)XDoc1! 38,239,247!
# ScaB! 10(Coh1)XXX3(SLH)! !
R.#flavefaciens# ScaA! CohXX2(Coh1)XDoc2! 41,247,274,275!
# ScaB! 4(Coh1)X4(Coh2)XDocX! !
# ScaC! Coh3XDoc1! !
# ScaE! Coh3e! !
# CttA! 2(CBMND)XDocX! !
*ScaE!is!covalently!linked!to!the!cell!membrane!of!R.2flavefaciens!in!a!sortaseXmediated!
process.!ND:!the!family!of!CBM!in!CttA!has!yet!to!be!determined.!
!
Genome!mining!of!several!celluloseXutilizing!organsims!revealed!A.2cellulolyticus!
along!with!other!nonXClostridia!(below)!as!cellulosomeXproducing!organisms.37!The!A2
cellulolyticus!cellulosome!presented!several!“improvements”!on!the!C.2thermocellum!
paradigm!(Table!2).!An!intriguing!difference!was!the!incorporation!of!an!additional!
adapter!scaffoldin!(ScaB)!that!connects!the!primary!(ScaA)!and!anchor!(ScaC!and!ScaD)!
scaffoldins,!which,!in!turn,!show!similarity!to!CipA,!OlpB,!and!Orf2p!of!the!C.2
thermocellum!cellulosome.!Like!the!Clostridial!cellulosomes,!the!A.2cellulolyticus!
cellulosome!presents!only!the!CBM3a!protein!needed!to!bind!crystalline!cellulose!within!
the!primary!scaffoldin,!ScaA.!Unlike!the!clostridial!Cip!proteins,!ScaA!also!contains!an!
endoXcellulase!domain!(glycohydrolase!family!9,!GH9).!With!the!additional!scaffoldin!
ScaB!comes!an!added!level!of!complexity,!as!the!adapter!scaffoldin!multiplicatively!
increases!the!enzyme!loading!capacity!of!the!cellXbound!scaffoldins.!With!the!ability!to!
bind!orthogonal!dockerin!domains!with!ScaD,!the!A.2cellulolyticus!cellulosome!is!capable!
of!incorporating!193!different!enzymes.!!
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The!B.2cellulosolvens2cellulosome,!discovered!by!Lamed!and!coXworkers,38,239!also!
diverges!structurally!from!the!C.2thermocellum!archetype!with!the!implementation!of!two!
massive!scaffoldin!domains:!the!primary!ScaA!scaffoldin!that!contains!eleven!type!II!
cohesins!and!a!CBM3a!module,!and!an!anchoring!scaffoldin!(ScaB)!that!presents!10!type!
I!cohesins!in!conjunction!with!SLH!cellXanchoring!domains.!As!with!the!ScaA!protein,!
the!B.2cellulosolvens!enzymes!also!contain!type!II!dockerin!domains.!When!fully!loaded,!
these!two!B.2cellulosolvens!scaffoldins!contain!as!many!as!110!enzymes.!
By!far,!the!most!complex!known!cellulosome!is!produced!by!the!anaerobic!
rumen!bacterium!Ruminoccocus2flavefaciens.!After!the!initial!discovery!of!dockerinX
contianing!proteins!in!R.2flavefaciens!by!Flint!and!coXworkers,!an!international!
collaboration!detailed!its!cellulosome!components.41,242,275,276!To!date!five!scaffoldin!
proteins—ScaA,!ScaB,!ScaC,!ScaE!and!CttA—have!been!characterized.!Unlike!the!
previously!reported!cellulosomes,!no!clear!primary!scaffoldin!protein!is!evident.!Rather,!
the!scaffoldin!protein!CttA,!which!binds!directly!to!the!cell!anchoring!scaffoldin!ScaE!
contains!two!putative!carbohydrate!binding!modules!of!unknown!classification.!It!is!
presumed!that!the!series!of!cohesionXcontaining!scaffoldins!(Table!2;!ScaA,!ScaB,!ScaC,!
and!ScaE)!organizes!dockerinXbearing!enzymes!in!a!similar!manner!to!the!A.2
cellulolyticus!cellulosome.!Lacking!the!CBM3a,!this!series!of!scaffoldins!is!likely!targeted!
to!cellulose!via!CttA!and!their!coXlocalization!on!the!exterior!of!the!cell.47,274!!
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1.1.3 Structural plasticity and development of designer cellulosomes 
1.1.3.1'Structural'insights'into'the'cohesinGdockerin'interaction'
Despite!the!variety!and!number!of!cellulosomal!proteins!characterized!to!date,!
the!cellulosome!can!be!simplified!to!a!series!of!calciumXdependent!cohesionXdockerin!
interactions!with!divergent!specificities.!These!“LegoXlike”!domains!have!been!the!
subject!of!extensive!study!since!the!mid!1990’s.!The!cohesion,!dockerin!(usually!enzymeX
bound),!and!complexes!of!the!two!domains!have!all!been!characterized!by!XXray!
crystallography.!The!bound!structure!depicts!a!1:1!complex!with!an!apparent!dual!
binding!mode!(i.e.!a!C2!axis!of!symmetry!exists!such!that!the!dockerin!could!presumably!
bind!a!second!cohesion!domain!via!a!single!displacement!mechanism!on!the!opposite!
face!of!the!bound!cohesion.52!Characterization!of!the!C.2thermocellum2type!I!cohesinX
dockerin!interaction!via!isothermal!titration!calorimetry!shows!the!binding!to!be!
entropically!driven!at!298!K!with!a!binding!free!energy!of!X12.9!kcal•molX1!and!∆Cp!=!!X
305!cal•molX1KX1,77!parameters!consistent!with!the!proposed!hydrophobic!binding.!
Close!examination!of!the!cohesionXdockerin!interaction!revealed!cohesin!specificity!
determinants!on!the!surface!of!the!dockerin!domain.!After!experimentally!confirming!an!
intraXspecies!preference!for!the!cohesinXdockerin!interaction!using!dockerin!and!cohesin!
dyads!from!C.2thermocellum2and!C.2cellulolyticum,!Bayer!and!coXworkers!used!protein!
sequence!alignment!to!identify!key!residues!responsible!for!this!specificity.!The!soXcalled!
specificity!determinants!were!found!to!be!the!10th!and!11th!amino!acids!of!each!22!amino!
acid!repeat!in!the!dockerin!domain.!All!of!the!known!type!I!dockerins!from!C.2
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thermocellum!exhibited!two!polar,!hydroxylXcontaining!residues!(SS!or!ST)!at!positions!10!
and!11!while!the!C.2cellulolyticum!dockerins!displayed!nonXpolar!amino!acids!at!these!
positions!(AL,!AI,!or!AV).58!The!pivatol!role!of!these!residues!was!confirmed!through!
siteXdirected!mutagenesis!and!XXray!crystallography!in!the!early!2000’s.49,278L80!The!initial!
designation!of!type!I!cohesinXdockerin!interactions!as!“species!specific”!was!later!found!
to!apply!only!to!thermophilic!versus!mesophilic!Clostridia,!as!dockerins!from!different!
mesophilic!Clostridia!contain!the!same!residues!at!positions!10!and!11.!Evaluation!of!the!
C.2cellulovorans!and!C.2josui!dockerin!specificity!determinants!suggests!they!should!bind!
to!C.2cellulolyticm!and!C.2thermocellum!cohesins,!respectively![Ed!Bayer;!personal!
communication].!
1.1.3.2'Designer'miniature'cellulosomes'
Enzymes  Dockerins  Cohesins   CBM3a!
Key!
A)! B)!
!
Figure'5:'Designer'miniature'cellulosomes'
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With!an!understanding!of!the!types!and!specificities!found!in!cohesinXdockerin!
pairs,!Bélaïch!and!coworkers!began!a!collaboration!with!the!Bayer!group!to!engineer!
designer!miniature!cellulosomes!with!a!goal!of!creating!biological!catalysts!suitable!for!
the!industrial!depolymerization!of!lignocellulose.!These!“minicellulosomes”!comprised!
two!or!three!cellulases!from!C.2thermocellum2or2C.2cellulolyticum,!a!family!IIIa!
carbohydrate!binding!module!(CMB3a),!and!a!single!biX!or!triXmodular!chimeric!
scaffoldin!domain!containing!the!corresponding!number!of!orthogonal!cohesin!domains!
from!C.2thermocellum!or!C.2cellulolyticum!(Figure!5b).!Unlike!wild!type!megadalton!
cellulosomes,!these!minicellulosomes!more!closely!resemble!the!protein!lego!
architecture!gleaned!from!the!parent!proteins.!!
By!varying!the!type!and!number!of!cohesins!on!the!scaffoldin!and!the!location!of!
the!CBM3a,!Bélaïch!and!coXworkers!were!able!to!demonstrate!that!incorporation!of!even!
a!single!scaffoldin!domain!afforded!the!complexed!enzymes!an!apparent!advantage!in!
lignocellulose!hydrolysis!over!their!nonXcomplexed!counterparts.!DockerinXcontaining!
enzymes!were!mixed!with!avicel!and!the!reducing!sugar!equivalents!produced!during!
cellulolysis!were!assayed!using!dinitrosalicylic!acid.!To!ensure!efficient!cellulolysis,!two!
cooperatively!functioning!cellulases!(a!family!9!endoglucanase,!CelF,!and!a!family!48!
exoglucanase,!CelS)!were!used.!Cellulolysis!was!evaluated!for!nonXcomplexed!enzymes!
and!compared!to!complexed!analogues.!To!demonstrate!the!role!of!the!CBM3a,!as!
opposed!to!the!scaffoldin,!on!cellulolysis,!each!enzyme!was!bound!to!a!monovalent!
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scaffoldin!containing!a!CBM3a!and!then!assayed!for!cellulase!activity.!Though!the!
targeting!effect!of!the!CBM3aXbound!cellulases!notably!improved!the!cellulolysis,!an!
apparent!synergistic!improvement!(4.1Xfold!increase)!in!the!cellulase!activity!was!
observed!for!the!miniature!scaffoldin.!!
In!the!years!following!initial!studies!with!designer!miniature!cellulosomes,!an!
extensive!body!of!work!by!the!former!students!of!Bélaïch,!Fierobe!and!Tardif!has!
explored!numerous!miniature!cellulosome!geometries!with!scaffodin!chimeras,!
incorporating!various!combinations!of!Clostridial!and!fungal!(nonXcellulosomal)!
enzymes!with!engineered!dockerin!domains.!An!exquisite!account!of!the!functional!
consequences!of!enzyme!proximity!and!substrate!targeting!on!cellulolysis!is!arguably!
the!most!impactful!contribtuion!from!these!studies.!Current!debate!regarding!the!
physical!origin!of!cellulosome!activity!centers!around!questions!of!enzyme!proximity!vs.!
substrate!targeting.!Several!studies!have!attempted!to!address!this!issue!using!small,!
wellXdefined!miniature!cellulosomes,!but!interpretation!of!the!results!remains!
contentious!(vide2infra).!
1.2 The biological degradation of cellulose 
! Cellulose,!the!βX(1→ 4)Xlinked!polymer!of!DX(+)Xglucose,!is!the!most!abundant!
polymer!on!Earth.!Cellulose!is!found!in!nature!in!numerous!forms!that!vary!
considerably!in!crystallinity!and!the!presence!of!other!biopolymers.!Largely!due!to!the!
recalcitrance!of!cellulose!in!nature,!celluloseXutilizing!organisms,!namely!anaerobic!
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bacteria!of!the!Clostridia!and!Bacteroides!genera!and!aerobic!fungi!such!as!Trichoderma2
reesei,!have!evolved!to!produce!a!multitude!of!celluloseXdegrading!enzymes!that!catalyze!
the!hydrolysis!of!internal!(endocellulases)!or!external!(exocellulases)!glycosidic!bonds.81,2
82!Exocellulases!(also!commonly!known!as!cellobiohydrolases,!cellobiases,!and!
exoglucanases)!are!further!categorized!according!their!preference!for!nonXreducing!
(cellobiohydroase!I)!or!reducing!(cellobiohydrolase!II,)!termini!of!the!polymer!chain.82!
The!ubiquity!of!cellulose!in!plants!and!plantXbased!products!and!the!potential!of!
cellulose!as!a!renewable!carbon!source!for!liquid!fuels!and!bioXbased!polymers!provides!
motivation!to!understand!cellulase!activity!in!both!isolation!and!in!the!context!of!
cellulolytic!organisms.!!
1.2.1 The structure and bio-availability of cellulose 
The!monomeric!building!block!of!cellulose!is!DX(+)Xglucopyranose.!The!degree!of!
polymerization!(DP)!refers!to!the!number!of!glucose!units!in!a!chain!and!ranges!from!30!
X!15,000.!The!carbons!of!the!glucose!ring!are!referenced!as!C1XC6,!beginning!with!the!
anomeric!carbon!in!the!pyranose!form.!Alternating!glucose!units!are!rotated!180°!with!
respect!to!the!orthogonal!axis!of!the!pyranose!ring,!and!thus!a!convenient!functional!
building!block!of!cellulose!is!the!dimer!of!glucose,!cellobiose!(Figure!6a).!The!most!
processive!cellulose!degrading!enzymes!(cellobiohydrolases)!actually!remove!
consecutive!units!of!cellobiose,!rather!than!glucose,!from!the!cellulose!chain.!!
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Figure'6:'Structure'of'Cellulose'
Figure!6!depicts!the!structure!of!a!single!cellulose!chain!and!the!four!polymorphs!
of!cellulose!(I,!II,!III,!and!IV).!Cellulose!I,!which!is!further!categorized!into!the!two!
allomorphs!Iα!and!Iβ,!is!the!most!abundant!form!of!cellulose!found!primarily!in!
microfibril!cores!of!the!plant!cell!well.!Industrially,!cellulose!I!has!been!modified!to!
cellulose!II!(regenerated!cellulose)!by!dissolution!in!a!solvent!such!as!NXmethyl!
morpholine!oxide!(NMMO)!followed!by!precipitation!with!water.!Alternatively,!
cellulose!II!can!be!produced!by!alkaline!swelling!of!cellulose!I!in!a!process!known!as!
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mercerisation.!Cellulose!III!is!produced!via!ammonia!treatment!of!cellulose!I,!and!
cellulose!IV!is!formed!through!thermal!rearrangement!of!cellulose!III.!!
! The!structures!of!cellulose!polymorphs!have!been!extensively!studied!by!
microscopy,!XXray!diffraction,!and!XXray!chrystallography.83L86!At!a!molecular!level,!
cellulose!I!is!characterized!by!a!flat!sheet!of!parallel!cellulose!chains!with!interXchain!
hydrogen!bonds!between!C3!and!C6!hydroxyls!(C3OXXXH—OC6)!(Figure!6).!Stabilizing!
intraXchain!C3XOH!pyranose!oxygen!interactions!limit!flexibility!of!the!C3!hydroxyl!
moiety,!leading!to!a!tightly!packed!structure!that!is!largely!hydrophobic!in!nature.!
Regenerated!cellulose!(cellulose!II),!which!is!often!used!as!a!model!substrate!for!cellulase!
studies!in!the!form!of!cellulose!filter!paper,!exhibits!a!less!compact!crystal!structure!than!
cellulose!I.!In!a!notable!difference!from!native!cellulose,!where!interacting!chains!are!
parallel,!the!cellulose!II!chains!are!antiXparallel!and!slightly!juxtaposed!along!the!ZXaxis!
(perpendicular!to!the!XY!plane!of!the!cellulose!chain).!The!chains!interact!through!
stabilizing!C2!and!C6!hydroxyl!hydrogen!bonds!that!flow!in!the!ZXaxis!direction.!
Cellulose!III!and!IV!have!interXchain!hydrogen!bonding!networks!and!chain!positions!
similar!to!cellulose!II,!although!the!chains,!like!native!cellulose,!are!parallel.!The!minor!
difference!in!cellulose!III!and!IV!arises!from!the!definition!of!the!unit!cell,!which!is!
hexagonal!in!the!case!of!cellulose!III!and!orthogonal!in!cellulose!IV.!
! Cellulose!is!a!principle!component!of!primary!and!secondary!plant!cell!walls,!
which!accounts!for!its!ubiquity!in!the!biosphere.!Cellulose!biosynthesis!begins!with!the!
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production!of!linear!cellulose!chains!by!the!plant!cellulose!synthase!(CESA)!proteins.87!
Tens!of!chains!then!spontaneously!bundle!into!elementary!fibrils,!presumably!due!to!HX
bonding!and!solvent!exclusion.!Elementary!fibrils!are!2.5!–!4!nm!in!diameter!and!can!
grow!to!many!microns!in!length.86,287!The!elementary!fibrils!further!bundle!to!form!
cellulose!microfibrils.!A!very!high!aspect!ratio!is!characteristic!of!cellulose!fibrils,!
allowing!for!continuous!wrapping!of!single!fibrils!around!the!circumference!of!a!plant!
cell.86,287!Upon!entering!the!primary!cell!wall!matrix,!the!fibril!most!likely!associates!
physically!with!other!matrix!polysaccharides!that!are!deposited!from!the!golgi!
apparatus.!!
The!matrix!polysaccharides!include!pectins—complex!polysaccharides!
comprised!of!rhamnogalacturonan!I!and!II,!homogalacturonan,!xylogalacturonan,!and!
arabinan—and!hemicelluloses—celluloseXbinding!polyfuranosides!such!as!xyloglucan!
and!arabinoxylan.82,287!Matrix!polysaccharides!form!a!hydrogelXlike!polymer!network!
arising!from!physical!association!and!chemical!and!enzymatic!crossXlinking!of!the!pectin!
components.!Though!the!actual!mechanism!of!cell!wall!formation!is!unknown,!the!
simultaneous!secretion!and!crossXlinking!of!cellulose!microfibrils!with!matrix!
polysaccharides!likely!explains!the!extensive!network!of!plant!cell!wall!polysaccharides!
(Figure!7).87!
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Figure'7:'Cellulose'structure'in'plant'cell'walls'(adapted'from'Cosgrove,'2005)87'
In!addition!to!cellulose,!hemicellulose,!and!pectin,!woody!plants!incorporate!a!
waxy!polyphenolic!structure!known!as!lignin!into!the!primary!cell!wall!matrix.!The!
primary!cell!wall!is!surrounded!by!a!layer!of!lignin!called!the!middle!lamella.!The!lignin!
content!correlates!well!with!the!waxy!character!of!the!plant.!An!interior!secondary!plant!
cell!wall,!comprising!three!layers!(S1,!S2,!and!S3),!is!surrounded!by!the!primary!cell!wall!
and!the!middle!lamella.!For!woody!plants,!the!majority!of!cellulose!is!located!in!the!SX
layers!of!the!secondary!cell!wall!(Figure!7).86!
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1.2.2 Cellulose degradation by polysaccharide hydrolases 
Cellulose!manipulation,!both!in!the!biosynthesis!and!breakXdown!of!cellulose,!
requires!an!intricate!interplay!of!several!polysaccharide!hydrolases—enzymes!that!
catalyze!the!addition!of!water!across!a!CXX!bond,!where!X!=!O,!N,!resulting!in!some!
degree!of!polysaccharide!depolymerization.82,288,289!CelluloseXconsuming!microorganisms,!
including!anaerobic!and!aerobic!bacteria!and!fungi,!commonly!deplore!polysaccharide!
hydrolases!for!the!depolymerization!of!plant!cell!matrix!polysaccharides.72!Plants!also!
utilize!cellulases!and!xylanases!in!cell!wall!biosynthesis.87!!
Polysaccharide!hydrolases!make!up!the!majority!of!glycoside!hydrolases!(GHs).!
To!date,!thousands!of!GHs!have!been!identified.!To!catalog!these!enzymes,!an!
international,!open!access,!online!database!known!as!the!CarbohydrateXactive!enzyme!
(CAZy)!database!was!proposed!and!created!by!Henrissat.90!The!database!organizes!GHs!
by!amino!acid!sequence!similarity!and!is!currently!managed!by!the!team!of!Cuotinho!
and!Henrissat!(www.cazy.org).91!A!large!group!of!hydrolases,!commonly!called!
“hemicellulases,”!includes!xylanases,!mannases,!and!arabinases.!Hemicellulases!expose!
pure!cellulose!microfibrils!from!disordered!strands!of!hemicellulose!rendering!the!
cellulose!susceptible!to!hydrolysis.18,272,282!Cellulophiles!typically!produce!an!arsenal!of!
hemicellulases!to!degrade!and!manipulate!hemicelluloses!that!vary!vastly!in!xylose,!
mannose,!and!arabinose!content,!degree!of!sugar!branching,!and!pattern!of!glycosidic!
bond!(1→ 3!vs.!1→ 4!connections).!Another!set!of!enzymes!known!as!“pectinases,”!
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including!polygalacturonases!and!pectin!lyases,!disrupts!the!matrix!polysaccharides!that!
encapsulate!hemicellulose!and!cellulose!microfibrils.!Even!so!exposed,!the!pure!cellulose!
microfibril!poses!challenging!depolymerization!problem.!Three!classes!of!cellulase!are!
required!for!efficient!cellulolysis:!endocellulase!(EG),!cellobiohydrolase!I!and/or!II!(CBH!
I!and!CBH!II),!and!βXglucosidase!(BG).82!
Endocellulases!(EC3.2.1.4),!designated!EG!for!β(1→ 4)Xendoglucanases,!are!the!
most!diverse!class!of!cellulases.!EGs!catalyze!the!hydrolysis!of!β(1→ 4)Xglucan!linkages!
in!crystalline!and!amorphous!cellulose,!betaXglucan!containing!β(1→ 3)Xlinkages,!cereal!
barley!glucan,!functionalized!cellulose!materials!such!as!cellulose!resins!and!waterX
soluble!carboxymethyl!cellulose,!and!celloXoligosaccharides!of!DP!≥!4.91!EG!activity!has!
been!reported!in!fourteen!families!of!glycoside!hydrolases!(GHs):!GH5XGH10,!GH12,!
GH26,!GH44,!GH45,!GH48,!GH51,!GH74,!and!GH124.91!The!most!common!cellulosomal!
EGs!are!from!family!GH5‡!and!GH9!(Table!3),!though!a!reXinterpretation!of!the!GH5!
superfamily!classification!into!53!subfamilies!has!recently!suggested!that!cellulosomal!
GH5Xfamily!EGs!may!have!evolved!to!certain!level!of!substrate!promiscuity—
particulary!those!in!the!GH5_2!subfamily.92!In!general,!EGs!are!multiXdomain!proteins!
that!contain!a!catalytic!GH!domain!ligated!to!a!carbohydrate!binding!module!(CBM).!As!
described!above,!cellulosomal!enzymes!typically!present!a!dockerin!domain!in!place!of!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
‡!Recently,!the!GH5!superfamily!has!been!parsed!into!53!subXfamilies!to!accommodate!the!large!diversity!of!
observed!enzyme!activities!in!this!family.!EGs!have!been!reassigned!to!GH5!subfamilies!GH5_1X5,!GH5_22,!
and!GH5_25X26,!GH5_37,!and!GH5_39.!All!CBH!I!enzymes!from!the!GH5!family!were!reXclassified!as!
GH5_1.!(Aspeborg,!2012)!
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the!CBM,!though!it!is!not!uncommon!to!observe!additional!CBM!domains!with!
cellulosomal!EGs.18!In!the!case!of!GH9,!the!enzyme!bears!a!CBM3b!or!CBM3c!domain!
capable!of!binding!single!chains!of!polysaccharides.89!EGs!are!necessary!for!the!efficient!
degradation!of!crystalline!cellulose,!opening!accessible!sites!for!the!CBHs!that!degrade!
from!the!cellulose!chain!end.!This!soXcalled!“exoXendo”!synergism!is!a!common!attribute!
of!all!cellulase!enzyme!systems.!!
CBH!I!(EC3.2.1.91)!is!a!designation!of!exoXacting!cellulases!known!to!degrade!
single!cellulose!chains!via!the!(typically!processive)!removal!of!cellobiose!units!from!the!
nonXreducing!end!of!the!polysaccharide!(i.e.!from!the!terminal!C4’XOH).!CBH!I!enzymes!
are!typically!modular,!containing!a!catalytic!GH!domain!and!a!CBM!domain!connected!
by!a!flexible!linker!peptide.!CBH!Is!are!active!on!microcrystalline!cellulose!(avicel),!but!
exhibit!much!greater!activity!on!amorphous!cellulose!and/or!EGXtreated!cellulose.!The!
CBH!preference!for!endXchain!cellulose!sites!versus!the!EG!preference!for!internal!
cellulose!chains!is!the!basis!for!the!wellXdocument!exoXendo!synergism!among!
cellulases.72,281,282,293L96!CBH!I!activity!has!been!reported!in!GH!families!5_1,!6!and!9.91!
Interestingly,!all!of!these!families!also!display!EG!activity,!suggesting!that!the!
hydrophobic!cluster!analysis!(HCA)!classification!of!GH!activity!based!solely!on!amino!
acid!sequence!is!not!sufficient!to!provide!unique!cellulase!classification.82,290!Typically,!
cellulosomal!GH5_1!and!GH9!enzymes!only!present!EG!activity!(Table!3),!although!
GH5_1!(CelO)!from!C.2thermocellum!does!not.97!Although!the!HCA!method!appears!to!
!27!
correctly!group!enzymes!with!similar!threeXdimensional!structures,!it!is!likely!that,!
given!ubiquity!of!cellulases!in!biology,!Nature!has!evolved!multiple!protein!folds!to!
enable!cellulose!degradation!in!various!environments.!Complementary!to!the!HCA!
method,!CBH!I!enzymes!are!also!classified!mechanistically!via!their!activities!on!paraX
nitrophenyl!glycosides!of!lactose,!cellobiose,!and!small!celloXoligosaccharides.!!
CBH!II!enzymes!(EC3.2.1.176)!are!exoXcellulases!that!hydrolyze!single!cellulose!
chains!from!the!reducing!terminus.!The!polysaccharide!substrate!preferences!for!CBH!II!
enzymes!are!similar!to!CBH!I!enzymes,!favoring!amorphous!cellulose!over!avicel.!A!
notable!difference!from!CBH!II!enzymes!is!the!apparent!lack!of!activity!against!
choromophoric!aglycones!of!glucose,!cellobiose,!cellotriose,!and!cellotetraose!glycosides.!
A!molecular!rationale!for!this!behavior!was!presented!that!suggested!that!unlike!CBH!I!
enzymes,!CBH!II!enzymes!hydrolyze!β(1→4)Xglycosidic!linkages!of!cellobiose!units,!
rendering!paraXnitrophenylcellotrioside!as!the!simplest!substrate!for!CBH!II.!Because!
this!scission!does!not!release!a!chromophoric!aglycone,!it!is!not!useful!for!colorimetric!
assays!of!cellulase!activity.97!Like!CBH!I,!CBH!II!enzymes!are!modular,!containing!linked!
CBM!and!GH!domains.!CBH!II!activity!has!been!found!for!GH!families!7,!9,!and!48.91!
GH48Xcontaining!processive!exocellulases,!such!as!CelS!in!C.2thermocellum,!generally!
constitute!the!only!CBH!II!activity!in!cellulosomal!systems,!although!the!majority!of!
cellulolysis!in!cellulosomes!is!attributed!to!GH48Xcontaining!enzymes.82,289!!
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Table'3:'Cellulosomal'cellulases'and'structures'
Organism' Enzyme' Type*' Modular'Structure**' Ref'
C.#thermocellum# CelA! EG! GH8XDoc1! 6,289!
! CbhA! CBH!I! CBM4XIgXGH9X2(Fn3)XCBM3bXDoc1!
! CelB! EG! GH5XDoc1! !
! CelD! EG! IgXGH9XDoc1!
! CelE! EG/CE! GH5XDoc1XCE2!
! CelF! EG! GH9XCBM3cXDoc1!
! CelG! EG! GH5XDoc1! !
! CelH! CBH!I! GH26XGH5XCBM9XDoc1!
! CelJ! EG! CBM30XIgXGH9XGH44XDoc1XUN!
! CelK! CBH!I! CMB4XIgXGH9XDoc1!
! CelN! EG! GH9XCBM3cXDoc1!
! CelO! CBH!I! CBM3bXGH5XDoc1!
! CelQ! EG! GH9XCBM3cXDoc1!
! CelR! EG! GH9XCBM3cXDoc1!
! CelS! CBH!II! GH48XDoc1! !
! CelT! EG! GH9XDoc1! !
! XynA! XYN! GH11XCBM4XDoc1XNodB!
! XynB! XYN! GH11XCBM4XDoc1!
! XynC! XYN! CBM22XGH10XDoc1!
! XynD! XYN! CBM22XGH10XDoc1!
! XynY! XYN/
CE!
CBM22XGH10XCBM22XDoc1XCE1!
! LicB! LIC! GH16XDoc1! !
! ChiA! CHI! GH18XDoc1! !
! ManA! MAN! CBMXGH26XDoc1!
! XghA! XG! GH74XCBM2XDoc1!
! XynZ! XYN/
CE!
CE1XCBM6XDoc1XGH10!
C.#cellulovorans# ExgS! CBH!II! GH48XDoc1! 18!
! EngH! EG! GH9XCBM3cXDoc1!
! EngK! EG! CBM4XIgXGH9XDoc1!
! EngL! EG! GH9XDoc1! !
! ManA! MAN! Doc1XGH5! !
! EngM! EG! CBM4XIgXGH9XDoc1!
! EngE! EG! 3(SLH)XGH5XXXDoc1!
! EngY! EG! CBM2XGH9XDoc1!
! EngB! EG! GH5XDoc1! !
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! PelA! PL! XXCBD2XPL9XDoc1!
! XynA! XYN! GH11XDoc1XCE4!
C.#acetobutylicum# CelF! CBH!II! GH48XDoc1! 18!
! CelA! EG! GH5XDoc1! !
! CelH! EG! GH9XCBM3cXDoc1!
! EngA! EG! GH44XDoc1! !
! CelG! EG! GH9XCBM3cXDoc1!
! CelL! EG! GH9XDoc1! !
! ManA! MAN! GH5XDoc1! !
! CAC0919! SIA! GH74XDoc1! !
! CelE! EG! CBM3XIgXGH9XDoc1!
! CAC3469! EG! 3(SLH)XGH5XXXDoc1!
C.#cellulolyticum# CelF! CBH!II! GH48XDoc1! 18!
! CelC! EG! GH8XDoc1! !
! CelG! EG! GH9XCBM3cXDoc1!
! CelE! EG! CBM4XIgXGH9XDoc1!
! CelH! EG! GH9XCBM3cXDoc1!
! CelJ! EG! GH9XCBM3cXDoc1!
! ManK! MAN! Doc1XGH5! !
! CelD! EG! GH5XDoc1! !
! CelA! EG! GH5XDoc1! !
! CelM! EG! GH9XDoc1! !
C.#josui# CelD! CBH!II! GH48XDoc1! 18!
! CelB! EG! GH8XDoc1! !
! CelE! EG! GH9XCBM3cXDoc1!
! AgaA! aXGal! GH27XDoc1! !
*EG:!β(1→ 4)XEndoglucanse;!CBH:!Cellobiohydrolase;!CE:!Carbohydrate!Esterase;!CHI:!
Chitanase;!LIC:!Lichenase;!MAN:!Mannase;!XYN:!Xylanase;!PL:!Pectate!Lyase;!SIA:!
Sialidase;!XG:!Xyloglucanase;!aXGal:!AlphaXgalactanase.!!
**GH:!Glycoside!hydrolase;!CBM:!Carbohydrate!binding!module;!Doc:!Dockerin;!Ig:!
ImmunoglobulinXlike!domain;!Fn:!FibronectinXlike!domain;!SLH:!SXlayer!homology!
domain;!X:!Hydrophilic!domain;!UN:!domain!of!unknown!function.!
!
The!principle!product!of!EG,!CBH!I!and!CBH!II!cellulolysis!is!cellobiose.!
Cellobiose,!in!turn,!is!a!potent!inhibitor!of!EG,!CBH!I!and!CBH!II.!As!such,!efficient!
fungal!cellulase!systems!incoporporate!betaXglucosidases!(BG;!EC3.2.1.21)!that!
hydrolyze!cellobiose!to!glucose.!BG!is!a!monomeric!enzyme!with!a!GH!domain!from!GH!
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families!1,!3,!5_9,!5_12,!9,!30,!and!116.!Exogenous!addition!of!Aspergilus!niger!BG!to!
cellulosomal!systems!and!the!addition!of!an!engineered!dockerinXfused!BG!to!C.2
thermocellum!has!been!reported!to!enhance!cellulolysis,!presumably!by!depleting!
cellobiose!inhibition.69,298!
1.3 Cellulases and the interfacial enzyme model 
Biological!cellulolysis!is!a!complex!process!requiring!the!combined!activity!of!
myriad!hydrolase!enzymes.!The!preceding!sections!were!devoted!to!describing!the!
classes!of!enzymes!required!for!the!efficient!deconstruction!of!plant!cell!walls.!Here!we!
describe!the!chemical!and!kinetic!characterizations!of!cellulases,!which!comprise!the!
majority!of!polysaccharide!hydrolases!in!the!cellulosome.!By!way!of!context,!we!provide!
a!brief!historical!account!of!the!adaptation!of!traditional!kinetic!characterizations!of!
solutionXphase!enzymes!at!steady!state!using!the!MichaelisXMenten!equations!to!
interfacial!enzymes!via!Gelb’s!interfacial!kinetic!model.!
1.3.1 Chemical characterization of cellulases 
! As!with!many!other!glycoside!hydrolases,!cellulases!incorporate!two!aspartate!
and/or!glutamate!residues!in!the!enzyme!active!site.!The!two!residues!exist!in!an!
orthogonal!protonation!state!and!promote!acid/base!catalysis!in!the!addition!of!water!to!
cleave!the!glycosidic!bond!of!cellulose.!The!molecular!mechanism!of!water!substitution!
at!the!newlyXformed!lactol!carbon!may!proceed!in!two!ways,!resulting!in!either!retention!
or!inversion!of!the!stereochemical!configuration!at!C1.!!
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! Inverting!glycosidases!are!found!among!endoglucanases!such!as!C.2cellulolyticum!
CelB!or!C.2thermocellum2CelD,!and!exocellulases!such!as!C.2thermocellum!CelK!and!CbhA.!
More!generally,!inverting!cellulases!are!better!grouped!by!common!GH!families:!6,!8,!9,!
45,!48,!74,!and!124.91!The!chemical!mechanism!of!inverting!cellulases!has!been!detailed!in!
C.2thermocellum2CelD!and!involves!a!single,!concerted!reaction!step!(Figure!8).99,2100!A!
protonated!glutamic!acid!residue!positioned!above!the!sugar!serves!to!activate!the!C1!
glycosyl!ether!of!the!bound!sugar!chain.!Simultaneously,!a!basic!aspartate!deprotonates!
a!water!nucleophile!which,!in!turn,!displaces!the!equatorial!glycosyl!ether!via!an!SN2!
axial!attack!at!C1.!
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Figure'8:'Inverting'glycosidase'mechanism'
Retaining!glycosidases!are!also!found!among!endoglucanases!and!exocellulases!
in!families!GH!5,!7,!10,!12,!26,!44,!and!51.91!Because!the!GH5!superfamily!contains!the!
largest!group!of!cellulass,!most!cellulases!execute!hydrolysis!with!retention!of!
configuration.!The!retaining!mechanism!of!βXglucanase!is!well!demonstrated!by!the!
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paradigmatic!Cellulomonas2fimi2Cex,!a!1,4XβXglycosidase!that!shows!activity!against!xylan!
and!glucan.101!The!retaining!βXglucanase!mechanism!(Figure!9)!involves!sequential!
inverting!displacements!and!begins!with!the!protonXactivation!of!the!C1!glycosyl!ether!
oxygen!by!a!protonated!aspartic!or!glutamic!acid!positioned!above!the!sugar!in!the!
enzyme!active!site.!SN1!cleavage!of!the!anomeric!CXO!bond!leads!to!an!oxocarboniumX
stabilized!carbocation!which!is,!in!turn,!attacked!by!a!glutamate!or!aspartate!base!from!
below!the!plane!of!the!sugar.!This!axial!attack!results!in!a!glycosyl!enzyme!intermediate!
with!an!inverted!configuration!at!the!anomeric!carbon.!BackXside!attack!at!the!anomeric!
carbon!of!the!glycosyl!enzyme!intermediate!by!a!water!nucleophile!reinstates!the!
original!configuration!at!the!anomeric!carbon,!and!the!ionized!lactol!is!deXprotonated!by!
the!glutamate!or!aspartate!from!above!the!sugar!to!regenerate!the!enzyme!acid!catalyst.!!
The!nature!of!the!glycosyl!enzyme!intermediate!in!retaining!βXglucanases!has!
been!a!topic!of!considerable!debate.82,2101,2102!It!is!well!accepted!that!the!retaining!
glycosidase!lysozyme!presents!a!tight!ion!pair!between!the!ionized!aspartate!base!
positioned!below!the!stable!pyranosyl!oxocarbonium!intermediate. βXglucanases!were!
presumed!to!follow!a!similar!mechanism,!though!Koshland!had!proposed!a!doubleX
displacement!mechanism!involving!a!discrete!glycosyl!enzyme!intermediate.103!Finally,!
Withers!and!coXworkers!kinetically!trapped!a!glycosylXenzyme!intermediate!with!a!2X
deoxyX2XfluoroXsugar!substrate.!Due!to!the!deactivating!fluoro!substituent,!subsequent!
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Figure'9:'Retaining'CBH'II'mechanism'
hydrolysis!of!the!intermediate!was!slow!enough!to!allow!capture!of!the!glycosylXenzyme!
complex!in!a!crystal!structure!of!Cellulomonas2fimi!Cex!catalytic!domain.101!
1.3.2 The Gelb model of interfacial enzyme kinetics 
! Many!deductions!regarding!the!mechanism!of!glycosidase!action!rely!on!kinetic!
evaluation.!Standard!(MichaelisXMenten)!enzyme!kinetics!are!derived!for!soluble!
enzymes!acting!on!soluble!substrates.!Cellulose!is!remarkably!insoluble!in!aqueous!
solution,!and!new!kinetic!models!are!required!for!consideration!of!interfacial!enzyme!
action!on!insoluble!substrates.!Gelb!and!coXworkers104!have!developed!such!an!approach!
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for!lipase!activity,!and!those!models!are!applicable!to!cellulose!action.!Where!
appropriate,!modifications!to!the!model!to!accommodate!cellulaseXspecific!kinetics!are!
presented.!!
Gelb!and!coXworkers!originally!developed!the!interfacial!enzyme!model!to!
describe!the!kinetics!of!lipases!at!the!solutionXvessicle!interface.104!Lipases!catalyze!the!
hydrolysis!of!ester!linkages!on!micelles!formed!by!the!spontaneous!selfXassembly!of!
fatty!acid!triglycerides!and!phosphoXlipids.!The!Gelb!model!of!interfacial!enzyme!
activity!is!shown!schematically!in!Figure!10.!
!
Figure'10:'Gelb'model'of'interfacial'enzymes104,#105'
At!the!outset,!the!conventional!definition!of!substrate!concentration!([S])!and!
product!concentration!([P])!in!mol•LX1!is!modified!to!accommodate!the!twoXdimensional!
nature!of!interfacial!enzyme!substrates.!As!such,!the!concept!of!surface!concentration!of!
substrate!sites!([S*]),!rather!than!solution!concentration!([S]),!is!used.!The!mole!fraction!
of!substrate!surface!sites!(ΧS )!is!a!convenient!form!of!the!amount!of!substrate!sites!that!
yields!the!mass!balance!relationship!!
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ΧS +ΧP =1 !
Equation'1'
!where!ΧP !describe!the!mole!fractions!of!catalytically!incompetent!surface!sites!and!
product!sites!(i.e.!hydrolyzed!glucan!sites!on!a!cellulose!surface).!For!heterogeneous!
cellulosic!substrates,!multiple!catalytically!nonXcompetent!sites!are!present!that!
inherently!reduce!the!surface!density!of!substrate!sites.!To!account!for!the!unused!area!
of!the!surface,!the!surface!density!(ρS )!measure!of!substrate!concentration!is!taken!as!
effective!concentration:!
ρS =
ΧS
aAΧA + aSΧS
=
XS
aA (1+ϕΧS )
!
Equation'2'
ϕ =
aS
aA
−1!
Equation'3'
where! aS !or! aA is!the!surface!area!contributed!the!cellulase!substrate!(S)!or!general!
cellulose!(A)!surface!sites,!and!ϕ !is!an!area!correction!factor!defined!by!Equation!3.!The!
term!1/ (1+ϕΧS ) !can!be!considered!as!an!activity!coefficient!that!approaches!unity!for!
the!“dilute”!cellulose!surfaces!where! aA >>! aS .!!
!! To!express!of![S]!and![P]!as!ΧS !andΧP ,!the!conversion!factor!NS0 !has!been!
introduced,!NS0 !is!the!initial!concentration!of!enzymeXaccessible!surface!sites!on!the!
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substrate!surface!given!in!units!of!moles!surface!site!per!liter!of!bulk!solvent.!In!the!
context!of!cellulases,!NS0 can!be!experimentally!determined!by!titrating!cellulose!with!
free!enzyme!and!plotting!moles!E * !(immobilized!enzyme!that!is!measurably!removed!
from!the!bulk!solution)!vs.!moles!E (enzyme!remaining!in!solution!during!the!titration).!
The!asymptotic!value!of!Emax* !required!to!saturate!substrate!sites!yields!NS0 !via!Equation!
4:!
Emax* =
mS
MS
NS0 !
Equation'4'
!where!mS !denotes!the!mass!of!substrate!in!grams!and!MS !is!the!substrate!concentration!
in!units!of!grams!per!liter!of!solvent.!From!this!relationship,!it!follows!that!
[P]= NS0Xp !
Equation'5.'
The!depletion!of!surface!sites!during!the!enzymeXbinding!titration!is!negligible!for!most!
cellulases,!given!the!disparity!in!the!kinetics!of!cellulose!hydrolysis!relative!to!cellulose!
binding.!Alternatively,!NS0 can!be!determined!by!mutagenesis!of!the!catalytic!aspartate!
or!glutamate!residues!to!glutamine!in!order!to!silence!the!catalytic!activity!of!the!
enzyme;!this!mutation!has!no!more!than!minimal!effect!on!substrate!binding.106!
As!with!solution!enzymes,!interfacial!velocity!( v )!is!defined!as!the!rate!of!
product!formation!over!time:!
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v = d[P]dt =
d[NS0XP ]
dt ≈ NS
0 d[XP ]
dt !
Equation'6.'
v can!be!correlated!to!the!mole!fraction!of!substrate!sites!using!the!following!simplifying!
assumptions:!(i)!NS0 !does!not!itself!vary!with!time;!this!condition!may!not!hold!for!
multiXcellulase!systems;!(ii)!the!carbohydrate!binding!module!binds!cellulose!prior!to!the!
formation!of!the!enzymeXsubstrate!complex!and!hydrolysis!of!the!substrate,!and!the!
CBM!remains!bound!during!the!catalytic!turnover!of!substrate!to!product;107!and!(iii)!the!
hydrolysis!reaction!is!irreversible!in!bulk!water!(i.e.! k−2 = 0 ).!It!then!follows!that:!
v
NS0[ET ]
≈
kcatS
KmS
XS
1+ XSKmS
+
XP
KP
+
Kd
[M ]
!
Equation'7'
kcatS = k2 !
Equation'8'
KmS =
k−1k3 + k2k3
k1(k2 + k3)
!
Equation'9'
where![ET ]!is!the!total!enzyme!concentration!in!mol•LX1,! kcatS !is!the!turnover!number!for!
formation!of!product!from!the!E*S !complex!in!units!of!sX1!or!minX1,KmS !(unitless)!
denotes!the!Michaelis!constant!with!respect!to!E*and!S !association,!KP !is!a!unitless!
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dissociation!constant!for!product!and!bound!enzyme!sites,!Kd !is!the!dissociation!
constant!for!free!enzyme!and!the!interface!in!mol•LX1,!and![M ] !is!the!active!
concentration!of!interface!binding!sites!in!mol•LX1.!A!notable!distinction!between![M ] !
and![S] !implies!that!not!all!interfacial!binding!events!may!to!catalytically!competent!
substrate!associations,!i.e.!the!two!binding!events!are!treated!independently.!This!
condition!is!certainly!applicable!to!cellulases!where!the!catalytic!GH!domain!is!often!
functionally!separate!from!the!CBM.!!
Under!initial!conditions,!where! XP !is!negligible!and! XS→1 ,!the!familiar!form!of!
the!MichaelisXMenten!equation!is!obtained:!
v0
[ET ]
=
kcatSNS0
NS0[1+KmS (1+ Kd[M ])]
=
kcatapp[S0*]
[S0*]+Kmapp
!
Equation'10.'
!The!condensed!form!of!Equation!10!contains!an!apparent!turnover!number!( kcatapp ),!in!
units!of!sX1!or!minX1,!and!an!apparent!Michaelis!constant!(Kmapp )!in!units!of!mol•LX1,!which!
serve!as!experimental!curveXfitting!parameters!in!a!plot!of!enzyme!velocity!against!
initial!substrate!concentration!([S0*] ).!Note!that!NS0 !has!been!represented!as![S0*] !to!
produce!the!canonical!form!of!the!MichaelisXMenten!equation.!A!mathematical!
description!of!these!apparent!values!in!terms!of! kcatS ,!KmS ,!and!Kd !are!provided!by!
Equation!11!and!Equation!12:!
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kcatapp =
kcatS
1+KmS
!
Equation'11'
Kmapp =
KdKmS
1+KmS
!
Equation'12'
The!Gelb!model!implies!that!interfacial!enzyme!systems!do!not!respond!to!global!
changes!in!substrate!concentration!by!reaction!dilution,!and!thus!can!be!more!accurately!
described!by!separately!quantifying!the!interfacial!adsorption/!binding!of!the!enzyme!to!
the!substrate!interface!and!the!surface!density!of!substrate!sites.!
1.3.3 Cellulase kinetics88 
! The!study!of!cellulase!kinetics!covers!a!broad!field,!ranging!from!qualitative!
measurments!of!released!soluble!sugar!from!the!insoluble!cellulose!matrix!to!
quantitative,!realXtime!measurements!of!cellulases!activity!at!the!singleXmolecule!level.!
Cellulase!assays!are!crucial!to!the!study!of!cellulase!kinetics,!and!these!assays!are!
discussed!in!detail!in!Chapter!3.!Here,!we!introduce!the!mathematical!modeling!of!
cellulaseXcatalyzed!cellulolysis.!!
Implicit!in!the!Gelb!model!of!interfacial!enzymes!is!a!need!to!quantify!the!innate!
interfacial!adsorption!of!enzyme!to!substrate!(Kd)!and!the!enzyme!capacity!for!substrate!
(KmS).!These!factors!are!the!foundation!for!cellulase!kinetic!models,!though!these!models!
generally!elaborate!on!the!Langmuir!isotherm!expression!to!arrive!at!a!similar!endpoint!
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(vide2infra).!The!goal!of!cellulase!kinetics!is!to!experimentally!determine!a!rate!constant,!
k ,!with!respect!to!the!measured!cellulose!hydrolysis!rate,! rc ,!and!concentration!of!the!
cellulaseXcellulose!complex,![CE] ,!via!the!equation:!
rc = k[CE] !
Equation'13.'
As!with!most!enzyme!models,![CE] !is,!itself,!not!generally!measurable,§108,2109!and!
must!be!derived!from!a!relationship!between!initial!cellulase!([ET ] )!and!cellulose!([ST ] )!
concentrations.!As!noted!above,!a!distinction!must!be!made!between!the!total!substrate!
used!( ST )!and!the!free!cellulaseXavailable!surface!sites!(C ).!Active!cellulaseXcellulose!
binding!equilibria!are!thought!to!follow!the!partition!of!the!free!cellulase!(E )!between!
C !and!CE !as!follows:!
C +E Kd← →# CE !
Equation'14'
Kd =
[E][C]
[CE] !
Equation'15'
d[CE]
dt = k f [E][C]− kr[CE] !
Equation'16'
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
§!A!promising!approach!to!monitor!the!CE!complex!in!realXtime!using!ultraXfast!atomic!force!microscopy!has!
been!reported!by!Uchihashi!et!al!(Uchihashi,!2012).!!
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where!Kd !is!the!thermodynamic!dissociation!constant!for!formation!of!the!CE !complex,!
k f !is!the!2nd!order!rate!constant!for!CE !formation,! kr !is!the!1st!order!rate!constant!for!the!
dissociation,!and!![CE] !is!defined!using!the!enzyme!partition!function!as!a!difference!of!
free!and!total!cellulase:!
[CE]= [ET ]−[E] !
Equation'17.'
The!concentrations!of!species!are!in!units!of!mol•LX1,!although!this!formulation!is!
problematic!for!insoluble!substrates!(vide2supra).!It!is!thus!not!uncommon!to!express!the!
reaction!components!in!units!g•gX1,!mol•molX1,!and!mol•gX1.!!
Unlike!solutionXphase!enzyme!rates!that!saturate!with!increasing![S] !but!vary!
linearly!with!increasing![ET ] ,!cellulase!reaction!rates!reach!saturation!with!increasing!
[ET ] !and![ST ] .!Thus,![CE] !must!also!be!considered!with!respect!to!the!mass!balance!for!
accessible!binding!sites!on!the!substrate!via:!
σ [ST ]= [C]+[CE] !
Equation'18'
where!σ !is!the!binding!capacity!of!the!substrate,!or!the!density!of!cellulaseXaccessible!
binding!sites!on!the!surface!of!cellulose!in!units!of!mol•gX1!and![ST ] !is!described!in!g•LX1!
.!Equation!18!and!Equation!15!are!combined!to!produce!the!Langmuir!isotherm!in!which!
the![CE] !can!be!modeled!experimentally!by!titrating!the!reaction!mixture!with!free!
enzyme:!!
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[CE]= σ [ST ][E]Kd +[E]
!
Equation'19.'
The!similarity!between!Equation!19!and!Equation!4!under!conditions!of!saturating!
enzyme!(E→∞ ;![CE]→σ [ST ])!suggests!a!qualitative!relationship!between!the!
substrateXspecific!binding!capacity!σ !and!the!twoXdimensional!conversion!factor!NS0 !of!
the!Gelb!model.!The!Langmuir!isotherm!is!the!most!commonly!used!equation!to!
quantify!adsorbed!cellulases!on!a!variety!of!cellulosic!substrates.88,296,2110L112!We!note!
further!that!Kd !is!a!thermodynamic!equilibrium!constant,!and!kinetic!limitations!
associated!with!establishing!this!equilibrium!due!to!known!tightXbinding!kinetics!of!
cellulases!may!render!a!kinetic!description!of!cellulase!binding!(Equation!16)!more!
useful!in!the!determination!of![CE] ;113!it!is!typically!assumed,!however,!that!equilibrium!
is!established!within!90!min!of!enzyme!introduction.88!!
! Equation!19!can!be!combined!with!Equation!17!to!generate!a!quadratic!
expression!of![CE] :!
[CE]2 −[CE] σ [ST ]+[ET ]+Kd( )+σ [ST ][ET ]= 0 !
Equation'20'
where!the!physically!meaningful!root!satisfying!the!condition!0 ≤ [CE]≤σ [ET ] !and!
0 ≤ [CE]≤σ [ST ] !is!characteristic!of!the!following!limits:!
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[CE]=
σ [ST ], [ET ]>>σ [ST ]
[ET ], σ [ST ]>> [ET ]
[ET ]
2 +Kd +
[ET ]2 + 4(Kd )2
2 ,σ [ST ] ≈ Kd
"
#
$
$
$
%
$
$
$
!
Equation'21.'
When!the!boundary!condition!of!σ [ST ] ≈ Kd !is!applied!to!simulate!the!native!condition!
of![C] ≈ [CE] ,![CE] !remains!a!function!of![ET ] ,!consistent!with!previously!reported!
absorption!characteristics!of!cellulases!exhibiting!dual!saturation!with!substrate!and!
enzyme.88,2114L116!The!second!boundary!limit!from!Equation!21,!in!which!all!enzyme!is!
saturated!with!substrate!sites,!is!the!basis!for!the!adaptation!of!the!Gelb!model!to!the!
MichaelisXMenten!equation!(Equation!10).!However,!the!MichaelisXMenten!equation!is!
incompatible!with!dual!saturation!at!high!enzyme!loading.!Lynd!et!al.!caution!against!
the!use!of!the!substrate!saturation!limit!for!cellulase!kinetics,!since!this!limit!is!hardly!
applicable!to!native!cellulase!systems!in!which![C] !is!typically!not!much!higher!than!
[CE] .88!On!the!other!hand,!a!more!recent!study!of!Trichoderma2veridi!cellobiohdrolase!II!
Cel7A!by!Igarashi!et!al.!suggests!that!the!enzyme!saturation!boundary!condition!might!
lead!to!adverse!overXcrowding!of!the!cellulose!surface!and!lower!specific!activities!of!the!
enzyme.117!
! The!equations!above!describe!the!kinetic!behavior!of!cellulases!and!require!
titration!cellulose!surface!sites!with!free!enzyme!in!order!to!quantify!the!interaction!
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binding!affinity!(Kd )!and!substrate!capacity!(σ [ST ] ).!In!practice,!cellulase!activity!is!far!
more!complicated,!and!simple!monitoring!of!free!enzyme!concentrations!in!tandem!with!
cellulose!hydrolysis!rates!to!determine!enzyme!rate!constants!( k )!yields!values!that!vary!
by!substrate!or!even!laboratory.!The!irreproducibility!of!cellulase!kinetics!experiments!is!
rooted!in!several!factors:!(i)!cellulose!is!a!heterogeneous!substrate!composed!of!multiple!
binding!sites!with!varied!crystallinity!and!cellulaseXbinding!affinity;!(ii)!experimental!
conditions!that!may!change!from!one!laboratory!to!another!appear!to!have!a!drastic!
impact!on!the!determination!of!cellulase!specific!activity,!as!is!apparent!by!comparison!
of!the!same!enzyme!by!different!groups;88,2118!(iii)!due!to!the!long!reaction!times!for!
cellulase!reactions!(hours!to!days),!enzyme!degradation!often!leads!to!timeXdependent!
inactivation!(aging)!of!the!enzymes!and!timeXdependent!hydrolysis!rates;!and!(iv)!the!
intermediate!and!end!products!of!endoglucanaseXcatalyzed!cellulolysis!act!as!inhibitors!
of!cellulolysis,!requiring!evaluation!of!intermediate!reactions!to!account!for!the!variation!
in!reaction!kinetics:!
rGj = fC→GjrC + rGj ,i
i
∑ !
Equation'22.'
Equation!22!describes!the!cumulative!rate!profiles!for!the!formation!of!reaction!
intermediates!such!as!oligosaccharides!(Gj !with!DP!=! j )!with!positive!rates!(+rGj )!when!
the!oligomer!is!formed!and!negative!rates!(−rGj )!when!the!oligomer!is!hydrolyzed!by!
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cellulase.! fC→Gj !denotes!the!fraction!of!cellulose!hydrolyzed!to!oligosaccharides!and! rC !
is!the!initial!reaction!rate!as!described!in!Equation!13.! rGj ,i !is!the!rate!of!formation!of!Gj !
by!reaction! i .88!Of!course,!the!application!of!Equation!22!further!complicates!the!kinetics!
through!the!requirement!of!reaction!monitoring!tools!to!track!the!accumulation!and!
depletion!of!soluble!sugar!intermediates!over!the!timeXcourse!of!cellulose!hydrolysis.! !
1.4 Quantitative cellulosomics 
Current!understanding!of!the!molecular!genetics!of!cellulosome!expression!and!
evolution!is!extensive.47,2119L122!Such!studies!qualitatively!describe!cellulosome!activity!on!
crystalline!cellulose!and!suggest!that!fullyXcomplexed!cellulosomes!degrade!crystalline!
cellulose!with!synergistic!improvement!over!nonXcomplexed!analogues.!The!total!
soluble!sugar!produced!during!cellulose!hydrolysis!was!greater!for!scaffoldinXbound!
cellulases!than!for!the!individual!free!cellulases.!This!qualitative!observation!was!
quantified!using!“stimulation!factors”—the!ratio!of!soluble!sugar!produced!by!
scaffoldinXbound!cellulases!divided!by!soluble!sugar!produced!by!the!enzymes!in!the!
absence!of!scaffoldin—ranging!in!magnitude!from!0.9!X!2.121L123!To!accurately!describe!the!
typical!enhancement!of!cellulolytic!activity,!a!more!quantitative!biophysical!description!
of!cellulosomal!cellulolysis!would!be!attractive!in!which!both!observable!cooperativity!
of!binding!in!the!cellulaseXcellulose!interaction!and!the!apparent!synergy!of!hydrolysis!
could!be!related!to!cellulosome!geometry.124!In!this!section,!we!cover!the!current!stateXofX
the!art!in!cellulase!structure!and!function!analyses!for!cellulosomal!systems.!!
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1.4.1 Cellulosomal synergy: the targeting vs. proximity debate 
To!be!or!not!to!be…![complexed]?!That!is!the!question,!for!cellulases!and!
scientists!who!study!them.!An!early!observation!that!inspired!decades!of!research!on!the!
cellulosome!was!the!realization!that!cellulosomal!cellulases!exhibited!higher!specific!
activity!on!crystalline!and!recalcitrant!lignocellulosic!substrates!than!did!the!
corresponding!cellulase!mixtures!from!aerobic!fungi.!Cellulase!researchers!were!already!
aware!that!cellulases!in!multiXcomponent!cellulase!systems,!such!as!the!endoX!and!
exoglucanase!cocktails!native!to!Trichoderma2reesie,!exhibited!higher!specific!activities!in!
conjunction!with!partner!cellulases—1.7!fold!increases!in!T.2reesei—than!did!the!
individual!cellulases!working!in!isolation.125,2126!It!is!generally!accepted!that!the!increase!
in!activity!was!due!to!coopertivity!between!cellulases!exhibiting!orthogonal!specificities.!
Similar!studies!with2C.2thermocellum!cellulases!found!this!enzyme!system!to!be!159Xfold!
more!active!in!comparison!to!the!free!enzymes!functioning!in!isolation.127,2128!This!level!of!
synergy!was!not!anticipated!solely!from!the!cooperativity!between!enzymes!in!a!
cellulase!cocktail,!and!researchers!began!elucidating!the!functional!role!of!the!scaffoldin!
for!cellulase!activity!enhancement!in!the!cellulosome.89!
At!the!turn!of!the!century,!J.!P.!Bélaïch,!Bayer!and!their!collaborators!began!a!
series!of!studies!designed!to!explore!the!molecular!basis!of!synergy!in!the!cellulosome.!
Their!initial!hypotheses!suggested!two!potential!origins!for!cellulosomal!synergy:!(i)!
enzyme/!substrate!proximity!and!(ii)!substrate!targeting.121,2122!The!proximity!hypothesis!
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argued!that!a!favorable!spatiotemporal!arrangement!of!endoglucanases!near!
complimentary!cellobiohydrolases!yielded!more!efficient!hydrolysis!of!cellulose,!a!
substrate!that!changes!during!the!course!of!hydrolysis!as!new!sites!for!different!enzymes!
are!revealed!during!the!course!of!the!reaction.!This!hypothesis!attracted!much!initial!
support!based!on!the!observations!that!C.2thermocellum!required!a!much!lower!enzyme!
load!to!completely!hydrolyze!crystalline!cellulose!than!did!the!nonXcomplexed!cellulase!
system!of!T.2reesei.6!Enzyme!targeting!argued!that!the!effective!specific!activity!of!
cellulosomeXintegrated!enzymes!was!greater!than!nonXcomplexed!cellulase!mixtures!due!
to!an!increased!local!concentration!of!cellulases!at!recalcitrant,!crystalline!sites!on!the!
cellulose!matrix.!
! Using!designer!minicellulosomes!(see!section!1.1.3.2!Designer!miniature!
cellulosomes),!Bélaïch,!Bayer,!et!al.!reported!that!both!effects!seemed!to!play!a!role!in!
cellulsomal!synergy.121,2122!They!noticed!that!a!pair!of!recombinant!orthogonal!cellulases!
(derived!from!the!endoglucanase!CelA!and!cellobiohydrolase!II!CelF!of!C.2cellulolyticum)!
was!1.5Xfold!more!active!on!crystalline!cellulose!when!siteXspecifically!complexed!to!a!
miniature!scaffoldin!bearing!two!orthogonal!cohesin!domains!than!when!not!
complexed.!When!a!scaffoldin!CBM3a!was!added!into!the!mincellulosome,!the!activity!
increased!to!2X3Xfold!that!of!the!nonXcomplexed!enzymes.!It!is!interesting!to!note!that!no!
enhancement!was!observed!for!the!complexation!of!two!CelF!molecules,!although!a!2X3X
fold!enhancement!in!activity!was!observed!for!two!complexed!CelA!enzymes,!
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suggesting!that!endoglucanase!activity!is!augmented!to!a!greater!extent!than!is!
exoglucanase!activity.121!Though!previous!work!had!already!suggested!that!substrate!
targeting!and/!or!proximity!might!explain!the!scaffoldinXrelated!synergy!in!the!
cellulosome,129,2130!Fierobe’s!study!was!the!first!to!separate!targeting!and!proximity!
effects!via!the!specific,!modular!incorporation!of!CBM!and!enzyme!units.!These!results!
indicate!that!proximity!and!substrate!targeting!both!likely!contribute!to!cellusomal!
synergy,!provided!both!endoglucanases!and!cellobiohydrolases!are!present.!Contrary!to!
previous!studies!that!argued!in!favor!of!targeting,!proximity!seemed!to!be!the!more!
important!factor.!!
In!a!followXup!study!to!the!2001!paper,!Bélaïch!et!al!used!singleXendpoint!
reducing!sugar!assays!to!evaluate!the!ability!of!75!chimeric!minicellulosomes!to!release!
soluble!sugars!(glucose!and!small!celloXoligosaccharides)!from!avicel.!!The!
minicellulosomes!comprised!one!of!five!designer!scaffoldins!and!two!of!five!C.2
cellulolyticum!enzymes!(CelAXGH5,!CelCXGH8,!CelEXGH9,!CelFXGH48,!or!CelGXGH9)!
containing!either!a!C.2cellulolyticum!or!C.2thermocellum!dockerin!domain!to!ensure!siteX
specific!inclusion!on!the!chimeric!scaffoldins.!The!scaffoldinXderived!enhancements!in!
enzyme!synergy!were!quantified!using!synergy2factors!that!defined!and!shown!in!Table!4.!
It!is!important!to!initially!consider!the!activity!of!the!freeXacting!enzyme!pairs.!In!
general,!family!GH9!enzymes!(CelG!and!CelE)!are!most!active.!When!paired!with!itself,!
CelE!yielded!86!ÑM!soluble!sugar!from!avicel!after!24!hours!at!37!°C.!This!was!slightly!
!49!
Table'4:'Designer'Cellulosome'Synergy'Factors'(avicelase'activity)122'
Enzymes*' Paired#
enzyme'
activity'
(aM)'
Free'
Enzymes'
SF#'
Scaf1¶' Scaf2' Scaf3' Scaf4' Scaf5'
5At/5Ac! 28! 0.9! 2.5! 3! 2.3! 1.3! 1.8!
5At/8Cc! 28! 1! 3.3! 3.6! 2.8! 1.5! 1.6!
5At/9Ec! 76! 1.2! 2.9! 3.1! 1.9! 1.5! 1.6!
5At/48Fc! 49! 1.2! 3.6! 4! 3.1! 1.9! 2.4!
5At/9Gc! 39! 0.9! 7.2! 7.3! 5.8! 3.5! 4.7!
9Et/5Ac! 83! 1.4! 2.4! 2.7! 1.9! 1.4! 1.6!
9Et/8Cc! 69! 1.3! 2.9! 3.3! 2.2! 1.3! 2.2!
9Et/9Ec! 86! 1! 1.8! 1.9! 1.5! 1.1! 1.4!
9Et/48Fc! 77! 1.2! 2.2! 2.2! 2! 1.8! 1.5!
9Et/9Gc! 99! 1.5! 4.2! 4.5! 3.4! 2.2! 2.5!
48Ft/5Ac! 53! 1.2! 3! 3! 2.4! 1.6! 1.9!
48Ft/8Cc! 48! 1.2! 4.1! 4.1! 2.9! 1.2! 2.8!
48Ft/9Ec! 91! 1.3! 2.2! 2.2! 1.7! 1.6! 1.6!
48Ft/48Fc! 60! 1.1! 1.4! 1.4! 1.2! 1.1! 1.3!
48Ft/9Gc! 109! 2! 3.8! 4! 3.4! 2.1! 2.5!
!!!
Cc#Ct#
CBM3a#   
Ct#Cc#
CBM3a# !
Cc# Ct#X#
CBM3a# ! Cc# Ct# !!
Cc# Ct#X#
CBM3aCc# CBM3aCt# !
!!!!!!!!!!Scaf1!!!!!!!!!!!!!!Scaf2!!!!!!!!!!!!!!!!!Scaf3!!!!!!!!!!!!Scaf4!!!!!!!!!!!!!!!!!!!!Scaf5!
!!!!*Enzymes!presented!in!format!such!that!“5At”!=!GH5_CelA_C.thermocellum.!#:!
Synergy!factor!calculated!as![Σ(enzymes!together)/Σ(enzymes!separate)].!¶:!Data!
represents!synergy!factors!calculated!as![Σ(enzymes!on!scaffoldin)/Σ(free!enzymes)].!
!
improved!by!pairing!the!enzyme!with!CelG!or!the!CBH!II!CelF.!The!best!combination!of!
enzymes!was!GelG!and!CelF,!exhibiting!production!of!109!ÑM!soluble!sugar,!correlating!
to!a!2Xfold!increase!over!the!sum!of!the!discrete!enzymes.!This!exo/endo!synergy!
appeared!to!be!specific!to!the!choice!of!enzymes!and!other!CelF/EG!combinations!
showed!no!significant!enhancement!over!a!pair!of!orthogonal!CelF!enzymes.!
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!When!the!enzymes!were!complexed!onto!the!designer!scaffoldins!(scaf1!–!scaf5,!
Table!4),!there!was!an!enhancement!in!the!enzyme!synergy!factor!by!2X5!fold!when!a!
CBM3a!was!incorporated!into!the!scaffoldin.!Interestingly,!the!incorporation!of!enzyme!
pairs!onto!scaf4!led!only!to!modest!improvements!in!cellulose!hydrolysis,!with!the!
notable!exception!of!the!CelA/CelG!combination,!which!yielded!a!3.9Xfold!enhancement!
in!the!synergy!factor.!This!finding!contrasts!with!earlier!reports!that!enzyme!proximity!
was!the!principle!driving!force!for!cellulosomal!efficiency.!Table!4!clearly!demonstrates!
that!CBMXcontaining!scaffoldins!exhibited!the!largest!enhancements!in!enzyme!synergy!
factors.!!
There!appears,!however,!to!be!at!least!some!bias!for!the!choice!of!enzymes!in!
addition!to!the!geometry!of!the!scaffoldin!with!respect!to!increased!synergy!factors!and!
the!origin!of!enhancement.!The!most!striking!enhancement!is!observed!for!the!pairing!of!
endoglucanases!CelA!and!CelG.!Analysis!of!this!enzyme!pairing!on!scaf4,!which!lacks!
the!CBM,!suggests!an!approximately!equal!role!of!enzyme!proximity!and!substrate!
targeting!for!the!increased!synergy!factor.!This!is!evident!as!scaf4,!which!only!allows!for!
increased!proximity,!provides!a!4X!increase!in!the!enzyme!pair’s!synergy!factor;!while,!
the!added!ability!to!target!cellulose!through!the!CBM!on!scaf1!or!scaf2!leads!to!an!8Xfold!
enhancement!over!the!nonXcomplexed!enzymes.!A!similar!finding!was!apparent!in!the!
combination!of!endoglucanases!CelE!and!CelG!as!a!1.3Xfold!increase!in!the!synergy!
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factor!was!observed!on!scaf4.!The!synergy!factors!increased!2.8Xfold!when!a!CBM!was!
added!to!the!scaffoldin!(scaf!1!and!scaf2).!!
Enzyme!targeting!appeared!to!have!a!pivotal!role!in!the!pairing!of!exoglucanse!
with!endoglucanase.!CelF!and!CelG!were!essentially!as!active!when!complexed!to!scaf4!
as!when!nonXcomplexed,!although!incorporation!of!a!CBM!to!target!cellulose!increased!
the!synergy!factor!1.9Xfold.!As!this!pair!of!enzymes!is!effective!in!the!nonXcomplexed!
form!(synergy!factor!of!2!compared!to!the!individually!summed!enzyme!activities),!it!is!
unclear!if!the!lack!of!proximityXrelated!enhancement!is!actually!due!to!substrate!
limitations.!The!dualXCBM!scaf5!and!alternate!geometry!of!scaf3!generally!reduced!the!
enzyme!synergy!factors!in!comparison!to!scaf1!and!scaf2,!suggesting!potential!geometric!
constraints!in!these!scaffoldins!that!limited!enzyme!activity.!!
Another!study!in!2005!stressed!the!importance!of!incorporating!GH!family!48!
CelF!and!GH!family!9!CelG!into!miniature!cellulosomes!in!order!to!achieve!optimal!
hydrolysis!activity.!Fierobe!et!al.!paired!these!enzymes!alongside!a!third!orthogonal!C.2
cellulolyticum2endoglucanse!in!a!trifunctional!scaffoldin!and!determined!complex!activity!
against!both!cellulose!and!straw.!The!findings!further!illustrated!the!importance!of!the!
cellulosome!archetype!for!proximityXrelated!increases!in!enzyme!synergy!factors.131!
Other!studies!highlight!the!importance!of!enzyme!targeting!as!equally!important!to!
enzyme!proximity.!Mingardon!et!al.!observed!the!specific!activity!of!CBMXligated!C.2
cellulolycium!GH48!CelF!and!GH9!CelG!on!various!cellulosic!substrates.!Their!findings!
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clearly!indicate!that!CBMXrelated!targeting!of!the!individual!enzymes!to!the!substrate!
increased!the!amount!of!soluble!sugar!released.123!Bayer!and!coXworkers!reported!similar!
findings!using!C.2thermocellum!GH48!and!GH9Xcontaining!enzymes,!highlighting!the!
importance!of!celluloseXtargeting!rather!than!proximity!for!these!families!of!cellulases.132!!
The!studies!of!Bélaïch!and!coXworkers!are!at!best!qualitative!descriptors!of!the!
combined!and,!at!times,!conflicting!contributions!of!enzyme!proximity!and!substrate!
targeting!as!a!function!of!scaffoldin!geometry.!Synergy!factors!from!Table!4!are!
determined!by!endpoint!assays!of!reducing!sugar!released!from!crystalline!cellulose.!A!
discussion!of!cellulase!rate!variations!with!respect!to!scaffoldin!geometry!is!not!
presented,!and!the!reducing!sugar!assays!are!highly!variable!indicators!of!indirect!
cellulase!activity.!Errors!are!large!as!Fierobe!reported!the!need!to!repeat!each!cellulase!
experiment!up!to!six!times!in!order!to!reduce!the!data!variance!to!10%.122!!
1.4.2 Structural cellulosomics: the dissect and build strategy 
Alongside!the!debate!surrounding!the!origin!of!scaffoldinXrelated!enzyme!
enhancement,!cohesionXdockerin!plasticity!and!specificity,!and!the!genetic!mining!of!
cellulosomal!organisms,!a!vast!interest!in!the!three!dimensional!structural!determination!
of!cellulosomal!components!has!grown!from!the!midX1990’s!to!the!present!day.!Intial!3D!
characterizations!began!with!the!simplest!components!of!cellulosomes:!the!type!I!
cohesion54,255,2133!and!dockerin!domains!of!C.2thermocellum!and!other!Clostridia.1342
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Dockerin
(native)
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Dockerin
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Dockerin
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N terminus
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C terminus
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Helix 1 
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Figure 6
The cohesin-dockerin complex and the two cohesin-binding interfaces of type I dockerins. (a) This image represents the structure of
C. thermocellum Xyn10B dockerin in complex with the second cohesin of CipA [Protein Data Bank (PDB), 1ohz]. The dockerin
recognizes the cohesin predominantly through contacts at helix 3. The hydrogen bond network is dominated by Ser45 and Thr46
dockerin residues. (b) This blue image represents the structure of the S45A/T46A Xyn10B dockerin mutant in complex with the same
cohesin that allowed the visualization of the second dockerin-binding interface (PDB, 2ccl). The structure is overlayed with the native
dockerin from panel a. The internal symmetry of the dockerin leads to a dual ligand interacting interface manifested by a 180◦ rotation
of the dockerin. Labels are colored according to the represented modules.
dockerin display significant structural con-
servation. Hence, the dockerin possesses a
near-perfect internal twofold symmetry such
that residues 1–22 (helix 1) overlay residues
35–56 (helix 3) and vice versa. Thus, cohesin-
interacting residues, particularly the Ser-Thr
pair, and residues involved in calcium coor-
dination are absolutely conserved when the
structures of the two duplicated segments are
overlaid. Because the dockerin interacts with
the cohesin predominantly through helix 3, it
was suggested that the rotation of the dockerin
by 180◦ on the top of the cohesin would allow
cohesin recognition to switch to helix 1 rather
than helix 3 (105). The second binding mode
of the dockerin to the cohesin was visualized
by solving the structure of a cohesin-dockerin
complex where the Ser-Thr pair of helix 3 was
substituted by alanine (Figure 6). According
to the prediction, the mutated dockerin was
rotated by 180◦ with helix 1 in the position of
helix 3, and the Ser-Thr pair of the first dupli-
cated segment dominated the hydrogen bond
network (105). Thus, although the mutated
dockerin retains its internal symmetry, residues
in helix 1, instead of helix 3, now dominate
cohesin recognition (Figure 6). The dockerin
dual binding mode is entirely consistent with
the elegant site-directed mutagenesis and ther-
modynamic studies developed by Be´guin and
colleagues (26, 27). Their data showed that sub-
stitutionof residues at positions 11 and12 at one
of the helices, with the equivalent amino acids
in type II dockerins, had nomajor impact on the
cohesin-dockerin interaction. Only when sub-
stitutions occurred in both Ser-Thr pairs was
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remain, however, to be tested, and there is
an urgent need to investigate the biological
significance of this observation.
Cohesin-Dockerin Interaction and
Cellulosome Cell-Surface Attachment
Cell-surface attachment of cellulosomes is
required for the efficient degradation of plant
cell wall polysaccharides, as discussed above.
Type II cohesin-dockerin interactions are typ-
ically associated with cellulosome cell-surface
attachment (43). Smith and colleagues (109)
elucidated the crystal structure of a type II
complex, which provides insights into the
mechanistic basis for the exquisite specificity
displayed by type I and type II proteins. Type II
dockerins are usually present at the C terminus
of a module of unknown function, termed
the X module; the only exceptions are type II
dockerins of B. cellulosolvens present in the bac-
terium’s primary scaffoldin. The importance of
the X module in the type II cohesin-dockerin
interactions was demonstrated by Smith and
colleagues (109) through the resolution of the
structure of a trimodular complex. The type II
dockerin,whichdisplays a fold similar to its type
I counterpart, establishes an extensive range of
interactions with the X module that adopts an
immunoglobulin-like fold (Figure 7). How-
ever, the cohesin-binding region of the type II
dockerin is more extensive than in type I dock-
erins, and both the N- and C-terminal helices
contact the cohesin surface. The type II cohesin
also presents an extended binding surface be-
cause the C-terminal region of the β-strand 8,
N terminus
Ca2+ Ca2+
N terminus
X module FIVAR
ba
Dockerin
Cohesin
Dockerin
Cohesin
N terminus
N terminus
C terminus
C terminus
C terminus C terminus
Figure 7
Structure of the type II cohesin-dockerin complexes of C. thermocellum and C. perfringens. (a) Structure of the
type II cohesin-dockerin complex of C. thermocellum (PDB, 2B59). Ribbon representation depicting the
cohesin, the dockerin, and the X module. (b) Structure of a C. perfringens cohesin-dockerin complex that is
involved in toxin formation (PDB, 2OZN). Ribbon representation depicting the cohesin, the dockerin, and
the FIVAR module. The N and C termini of both complexes are labeled.
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Figure'11:'Clostridium't erm cellum'type'I'(a)'a d'type'II'(b)'c esionG
dockerin''XGray'crystal'structures'(adapted'from'Fontes'and'Gilbert,'2010)13 '
The!field!continued!to!dissect!the!cellul some!into!its!constitu nts,!providing!structures!
of!the!CipA!XXmodule!of!C.2thermocellum,!type!II!dockerin!domains,!CBM3a,!type!II!
cohesion!and!catalytic!domains!from!multiple!organisms.68,2136L141!
The!cellulosome!components!did!not!seem!to!tell!the!full!story!of!cellulosome!
geometry!as!indicated!by!early!electron!microscopy,12!and!the!field!quickly!shifted!to!
crystallographic!characterization!of!cellulosome!complexes,!beginning!with!the!C.2
thermocellum!type!I!cohesionXdockerin!complex!(Figure!11a).49!An!important!study!from!
Carvalho!et!al.!provided!valuable!insight!into!the!molecular!detail!of!cohesionXdockerin!
specifities,!particularly!with!respect!to!the!role!dockerinXbased!specificity!determinants.!
As!such,!the!structure!laid!a!blueprint!for!cellulosome!assembly!and!informed!the!design!
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of!new!cellulosomeXbased!complexes.!Adams!et!al.!subsequently!published!a!structure!
of!the!type!II!cohesionXdockerin!complex!that!serves!as!the!principle!cellXmembrane!
anchoring!contact!for!the!primary!scaffoldin!CipA!(Figure!11b).!Interestingly,!this!very!
tight!interaction!(Ka!=!1.44!x!1010!MX1)!was!found!to!involve!both!helices!of!the!of!the!
dockerin!domain!and!also!stabilizing!contacts!from!the!CipA!XXmodule,!suggesting!a!
binding!mode!distinct!from!the!type!I!dockerinXcohesin!interaction,!which!requires!only!
one!of!the!dockerin!helices!for!affinity.52,279,2142!!
An!impressive!demonstration!of!the!“dissect!then!build”!strategy!based!on!
structural!information!came!with!the!combination!of!cellulosome!component!crystal!
structures!and!low!resolution!small!angle!XXray!scattering!(SAXS)!data,!computational!
modeling,!and!CryoEM!images.!In!2004,!Hammel!and!coXworkers!used!solutionXphase,!
SAXS!to!monitor!dynamic!structural!changes!of!the!C.2cellulolyticum!GH48!CelF!protein!
as!it!bound!to!a!scaffoldin!via!a!type!I!dockerin!domain.143!These!results!confirmed!the!
existence!of!a!twoXdomain!structure!with!a!flexible!linker!region!between!the!GH!
domain!and!the!dockerin.!Interestingly,!the!linker!compressed!as!the!dockerin!
associated!with!the!cohesion!domain,!suggesting!an!allosteric!mechanism!of!scaffoldinX
induced!contraction,!an!effect!that!may!play!an!active!role!in!preXorganizing!cellulases!
on!substrates!during!cellulolysis.!!
Similar!complexationXinduced!linker!fluctuations!during!enzyme!loading!were!
also!observed!with!high!resolution!CryoEM13!and!SAXS!studies!on!multiXdomain!
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scaffoldin!proteins.144!Unlike!the!contractions!observed!in!the!enzyme!linker!domains,!
the!scaffoldin!linker!regions!routinely!display!increased!conformational!heterogeneity!
upon!enzyme!binding.!Likewise,!XXray!crystal!structures!of!Acetivibrio!cellulolyticus!
cohesins!with!varying!linker!lengths!presented!linker!domains!with!altered!geometries,!
demonstrating!linker!flexibility!in!the!context!of!other!cellulosomes.139!These!
observations!further!strengthen!a!structural!mechanism!for!scaffoldinXinduced!preX
organization!of!enzymes!on!cellulose!substrates!for!optimal!cellulolysis!in!which!the!
scaffoldin!domain!not!only!anchors!the!enzyme!onto!the!cellulose!through!the!
CBM3a•cellulose!association!but!also!directs!the!enzymes!to!substrate!sites!for!
catalysis.144!
In!2010,!Smith!and!coXworkers!reported!the!crystallization!of!a!trimodular!
scaffoldin!(Doc2XXXCoh1)!bound!to!a!typeXII!cohesion!(Figure!12).141!The!structure!
provides!exquisite!resolution!of!the!scaffoldin!geometry!and!depicts!linker!disorder!
within!the!scaffoldin!similar!to!that!previously!described.!The!authors!also!observed!
homodimerization!of!the!heterodimeric!complex!and!confirmed!dimerization!by!!
!
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Modular arrangement within the complex
The heterodimeric CohI9–X-DocII:CohII complex
can be divided into two distinct globular regions
(Fig. 1). One region comprises CohII and X-DocII
modular pair despite belonging to two independent
polypeptide chains, while CohI9 constitutes the
second globular moiety covalently linked to X-
DocII. The elongated topology of the X-DocII:
CohII is similar to that of the XDocII–CohII complex
described previously30 (backbone r.m.s.d. of 0.35 Å),
with the structures of the individual modules and
the X-DocII and DocII–CohII intermodular inter-
faces maintained. This region is tethered to CohI9,
which displays the characteristic nine-stranded
β-jellyroll topology (Fig. 1, yellow), by an extended
13-residue linker (Val1687–Lys1699) that places the
X module and the CohI9 module at a distance of
∼18 Å from each other. The temperature factors
associated with the linker are elevated when
compared to those of residues in the protein module
cores, indicating that this region is dynamic and
could allow the CohI9 module to explore conforma-
tional space, including coming into closer proximity
with the X-DocII–CohII region.
Intermolecular contacts
Homodimerization of the CohI9–X-DocII:CohII
complex (i.e., homodimerization of the heterodi-
meric complex) is observed in the crystal lattice,
where an intermodular interface occurs between
strands 4 and 5 of a CohI9 module from one
molecule and the N-terminus and loop region
connecting strands 4 to 5 of the X module from an
adjacent molecule (Fig. 2a). The interface involves
residues from CohI9 and the X module forming van
der Waals contacts (CohI9: Glu1593, Ile 1595,
Glu1596, Ala1615, Val1616, Tyr1717, Pro1618; X
module: Asn1698, Glu1745, Tyr1747, Tyr1781,
Val1783, Ala1797, Ala1799) and hydrogen bonds
(CohI9: Ile1595, Glu1596, Glu1598, Val1616,
Asp1619, Asp1674; X module: Glu1696, Gly1697,
Tyr1734, Ala1748, Ala1750, Ser1751). Homodimer-
ization produces symmetrical contacts between both
CohI9 modules and the X module of the other
molecule such that the two molecules become
Fig. 1. Structure of the C. thermocellum CipA scaffoldin CohI9–X-DocII trimodular fragment in complex with the SdbA
CohII module. The backbone ribbon representation of the complex depicts SdbA CohII in blue, DocII in green, X module
in rose, and CohI9 in yellow. The calcium ions and chloride ion appear as orange and cyan spheres, respectively. The
modules are identified, and the N and C termini are labelled accordingly.
Table 1. Data collection and refinement statistics
CohI9–X-DocII:CohII
Data collection
Space group P21212
Cell dimensions
a, b, c (Å) 170.53, 58.32, 56.14
Wavelength (Å) 0.912
Resolution (Å)a 50.0–1.95 (2.05–1.95)
Rsym (%) 6.6 (42.4)
I/σI 36.8(3.2)
Completeness (%) 99.4 (98.7)
Redundancy 6.8 (5.5)
Refinement
Resolution (Å) 42.49–1.95
No. of reflections 39,350
Rwork/Rfree (%) 20.7/23.1
Rp.i.m. (%)b 2.7
Rmeas/r.i.m. (%)c 7.2
No. of atoms
Protein 3542
Ions 3
Water 244
B-factors (Å2)
Protein 35.8
Ions 39.2
Water 48.8
r.m.s.d.
Bond lengths (Å) 0.019
Bond angles (°) 1.679
Ramachandran plot values (%)
Residues in most favoured regions 88.9
Residues in additionally allowed regions 11.1
a Values in parentheses indicate the statistics for the highest
resolution shell.
b Rp.i.m.=∑h(1/nh−1)∑l|Ihl− 〈Ih〉|/∑h∑l〈Ih〉, where nh is the
number of observations of reflection h, Ihl is the lth observation,
and 〈Ih〉 is the weighted average intensity for all observations l of
reflection h.34
c Rmeas/r.i.m.=∑h(nh/nh−1)∑l|Ihl− 〈Ih〉|/∑h∑l〈Ih〉, where nh is
the number of observations of reflection h, Ihl is the lth
observation, and 〈Ih〉 is the weighted average intensity for all
observations l of reflection h.34
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Figure'12:'XGray'cryst l'structure' f'Clostridium'thermocellum'CipA'and'SdbA'
subunits'(adapted'from'Adams'et'al,'2010)141'
solutionXphase!sedimentation!experiments.!The!dimerization!was!proposed!as!an!
alternate!route!towards!cellulosome!oligomerization!(vide!supra).!Currie!et!al.!followed!
this!study!with!a!combined!XXray!crystallographic/!SAXS!study!of!the!same!binary!
complex!while!bound!to!a!type!I!dockerin!domain!derived!from!C.2thermocellum!GH9!
CelD,!forming!a!new!ternary!complex!(Figure!13).145!The!complex!forms!an!elongated!
structure!similar!to!the!binary!complex!and!exhibits!little!evidence!of!scaffoldin!linker!
contraction.13!As!before,!the!authors!found!evidence!for!homodimerization!of!the!ternary!!
structure. The SAXS profile and linear radius of gyration (Rg!
42.6 " 0.7 Å) of the DocI(S69A/S70A)!CohI9–X-DocII!CohII
complex indicate that the complex is well behaved,monomeric,
and aggregation-free in solution over a range of concentrations
(1–4 mg/ml) (Fig. 5A). The maximal dimension (Dmax) of the
ternary complex in solution is 146Å. This is consistent with the
extended length of the fourDocI!CohI9–X-DocII!CohII ternary
complexes in our crystal structure. The four ternary complexes
from the asymmetric unit fit the experimental SAXS data with
an average !2! 2.81" 0.19. Ten SAXS envelopes were gener-
ated by ab initiomethods (supplemental Fig. S1), each revealing
two domains separated by a thin connecting segment. The
DocI!CohI9 and X-DocII!CohII rigid domains were manually
placed within the envelope that best fit the experimental curve
based on the !2 values calculated by DAMMIN (Fig. 5B) (46).
The structures fit within the two domains of the SAXS envelope
with room remaining to accommodate the 13-residue linker in
the thin connecting segment. This architecture suggests that
the structure may be flexible in solution. Analysis of the pair
distribution function and the Kratky plot are also consistent
with a flexible multimodular structure (supplemental Fig. S2).
To more robustly investigate the extent of flexibility of the
CohI9–X module linker in solution, we utilized the BILBOMD
rigid body modeling strategy, which employs MD simulations
to generate thousands of different conformers, from which
SAXS curves can be calculated and compared against experi-
mental data (47). We defined regions that were resolved in our
crystal structure as rigid domains, and the X-DocII!CohII posi-
tions were fixed in our analysis. The 13-residue linker connect-
ing the X module and the CohI9 module, which displayed ele-
vated temperature factors relative to the rest of the structure,
was defined as flexible in the MD simulations along with
stretches that did not show clear electron density in our crystal
structure. Initial analysis was performed overRg values between
25 and 65 Å centering around our experimentally determined
Rg value of about 43 Å. However, only conformers with Rg val-
ues between 31 and 50 Å were selected based on our experi-
mental SAXS data, which suggests that this range depicts the
physical limitations of the ternary complex in solution. Conse-
quently, subsequent MD simulations were performed using a
range of 30–50 Å to better sample the conformers within this
range. The best fit model (!2! 1.50) from the pool of approx-
imately 10,000 calculated conformers shows an extended con-
formation consistent with the crystal structure and the ab initio
SAXS envelope (Fig. 5C). Because flexible multimodular pro-
tein systems are not always well represented by a single model,
we employed a genetic algorithm-based MES to identify con-
former ensembles that optimally fit our data (47). Here, we
FIGURE 1. Crystal structure of the DocI!CohI9–X-DocII!CohII ternary cellulosomal complex.One representativemolecule of the DocI! CohI9–X-DocII! CohII
ternary complex crystal structure is shown. The backbone ribbon representation depicts SdbA CohII in blue, the CipA DocII in green, X module in rose, CohI9 in
yellow, and the Cel9D DocI in orange. Calcium ions are shown as gray spheres.
FIGURE 2.TheDocImodules in theDocI!CohI9–XDocII!CohII structuredis-
play a single orientation opposite to what has been seen previously. A
displays an alignment of the four CohI9!DocI from the DocI!CohI9–X
DocII!CohII crystal structure (Protein Data Bank code 4FL4). The CohI module
is shown in yellow, and theDocImodules frommolecules 1, 2, 3, and 4 are red,
green, blue, and orange, respectively. B shows a representative CohI9!DocI
orientation from theDocI!CohI9–XDocII!CohII crystal structurewith the CohI9
andDocImodules shown in yellow andorange, respectively.C andD show the
Xyn10B DocI!CohI (Protein Data Bank code 1OHZ) and the Xyn10B S54A/T46
DocI!CohI (2CCL) structures, respectively (14, 15). In both, the CohI modules
are yellow. The wild-type DocI module is red, and the S54A/T46 mutant is
shown in brown.
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Figure'13:'XGray'crystal'structure'of'a'ternary'cohesionGdockerin'complex'from'
C.#thermocellum'(adapted'from'Currie'et'al,'2012)145'
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complex!during!crystallization,!but!solutionXphase!SAXS!characterization!of!the!complex!
suggested!a!monomeric,!extended!structure!in!solution.145!In!addition,!four!distinct!
conformations!were!visible!in!the!crystal!lattice,!differing!in!the!linker!region!between!
the!type!I!cohesion!and!X!module;!this!observation!confirms!previous!suspicions!that!the!
scaffoldin!linkers!are!highly!dynamic.!139,2141,2143!In!a!more!recent!report,!Currie!and!coX
workers!explored!scaffoldin!dynamics!on!the!NXterminus!of!C.2thermocellum!CipA,!
opposite!of!the!CXterminus!XXDoc2!domain!used!to!anchor!the!protein!to!SdbA.146!
Solution!structures!of!GH8!CelAXbound!miniature!scaffoldins!comprising!two!cohesions!
and!a!CBM3a!domain!described!a!highly!dynamic!complex!with!multiple!
conformations.!The!large!degree!of!conformational!heterogeneity!is!likely!due!to!
multiple!flexible!linker!regions!along!the!scaffoldin,!though!no!apparent!contraction!
within!the!CelA!linker!regions!was!observed!upon!cohesinXassociation.143,2144!
! Together!these!studies!demonstrate!the!rapidly!growing!interest!in!the!use!of!
highXresolution!XXray!crystallography!in!addition!to!SAXS!to!provide!an!atomistic!
illustration!of!cellulosome!architecture.!A!longXterm!goal!of!the!work!in!subsequent!
chapters!is!to!continue!the!search!for!an!understanding!of!cellulosomal!synergy!by!
means!of!building!complexity!from!its!parts.
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2. CBM3a-carbohydrate association in solution and at 
interfaces explored with calorimetry and force 
spectroscopy 
Cellulosomes!contain!a!complex!arsenal!of!carbohydrate!recognition!proteins!
that!facilitate!activity!agains!myriad!carbohydrate!substrates,!ranging!in!complexity!
from!simple!oligosaccharides!to!highly!recalcitrant,!insoluble!lignocellulose.5,2111,2147L151!A!
subject!of!much!debate!centers!on!the!role!of!these!carbohydrateXbinding!proteins!
during!catalysis!by!the!full!cellulosome.!One!argument,!supported!by!the!work!of!
Lamed!and!Bayer!points!to!soXcalled!“targeting!effects,”!whereby!carbohydrate!binding!
modules!(CBMs)!with!different!substrate!specificities!target!cellulases!to!distinct!cognate!
substrate!sites!with!the!associated!catalytic!activity.152!As!described!in!chapter!1,!
substrate!targeting!plays!an!integral!role!in!the!overall!enhancement!of!cellulosomal!
cellulolysis.!The!cellulosome!contains!an!enormous!array!of!carbohydrateXbinding!
proteins!that!directs!the!cellulosome!to!a!diverse!set!of!substrates!and!provides!a!
potential!evolutionary!advantage!by!enabling!hydrolysis!of!recalcitrant!cell!wall!
polysaccharides.!!
2.1 The unique binding modes of cellulosomal scaffoldin CBM3a 
CBMs!were!originially!classified!as!A,!B,!or!C.!This!classification!scheme!groups!
CBMs!according!to!substrate!specificy!of!cellulose!binding!domains!(sometimes!referred!
to!as!CBD).!Type!A!CBMs!bind!crystalline!polysaccharides,!type!B!CBMs!bind!
amorphous!polysaccharide!chains,!and!type!C!CBMs!bind!small!waterXsoluble!sugars.!A!
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more!recent!classification!scheme!based!on!sequence!similarity!groups!CBMs!into!39!
numeric!families,!though!often!the!original!domain!classification!is!also!included!to!
inform!the!known!binding!capacity!of!a!CBM!(i.e.!CBM3a!is!a!family!3!CBM!that!binds!
crystalline!cellulose).153!!
CBM!diversity!within!the!cellulosome!is!immense!due!to!the!incorporation!of!
type!B!and!C!CBMs!within!dockerinXcontaining!cellulosomal!endoglucanases!in!addition!
to!scaffoldinXborne!CBM3a.!The!cellulosomal!enzymeXborne!CBMs!are!functionally!
similar!to!the!analogous!CBMs!found!in!nonXcellulosomal!endoglucanases.!As!such!their!
roles!are!thought!to!mirror!those!of!the!nonXcellulosomal!CBM,!namely!binding!to!
amorphous!regions!of!cell!wall!polysaccharides!to!direct!cellulaseXcatalyzed!cellulolysis.!
Type!3a!CBMs!are!uniquely!cellulosomal.!These!domains!exist!only!within!the!
nonXenzymatic!scaffoldin!component!of!the!cellulosome!and!are!thought!to!bind!only!to!
insoluble!betaXglucans,!such!as!cellulose,!chitin,!and!chitosan.!CBM3a!is!considered!
essential!for!the!efficient!saccharafication!of!crystalline!cellulose,!but!its!role!in!the!
degradation!of!amorphous!and!soluble!cellulosic!substrates!has!been!largely!ignored.!!
To!date,!three!Clostridial!scaffoldin!CBM3a!domains!have!been!crystallized;154,2155!
the!structures!provide!a!plausible!rationale!for!the!preference!of!CMB3a!domains!for!
crystalline!polysaccharides.!The!binding!site!of!these!CBMs!is!formed!from!a!large,!flat,!
βXsheet!in!the!protein.!The!binding!site!presents!several!canonical!sugarXbinding!
residues!at!the!binding!interface.!Unfortunately,!no!substrateXassociated!structures!have!
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been!reported!for!this!family!of!CBMs;!such!a!structure!is!unlikely!to!appear!in!the!near!
future!due!to!the!recalcitrance!of!cellulose.!!
Torno!and!coXworkers!have!speculated!on!the!roles!of!specific!aromatic!and!
charged!residues!for!sugar!binding!along!the!lower!CBM3a!βXsheet.154,2155!The!
investigators!hypothesized!a!unique!binding!mode!in!which!the!binding!residues!do!not!
complex!multiple!pyranose!rings!of!a!single!chain!but,!rather,!associate!with!pyranose!
moieties!of!adjacent!cellulose!chains.!This!binding!mode!has!interesting!implications!for!
cellulosome!attachment!to!cellulose.!Two!corollaries!flow!from!the!proposed!binding!
mode:!1)!CBM3a•cellulose!affinity!is!a!function!of!cellulose!surface!crystallinity,!and!
decreases!with!increasing!amorphous!character!of!the!substrate;!and!2)!CBM3a•cellulose!
binding!is!readily!disrupted!by!single!chains!of!cellulose!or!soluble!celloX
oligosaccharides!that!occupy!a!subXsite!along!the!binding!interface.!These!hypotheses!
are!largely!untested,!although,!qualitatively,!CBM3a!does!not!appear!to!exhibit!
significant!affinity!for!amorphous!cellulose.!
We!aim!to!develop!a!molecular!basis!for!CBM3a!affinity!due!to!several!
motivating!factors.!A!biophysical!characterization!of!CBM3a•ligand!interactions!is!
necessary!to!illuminate!the!molecular!basis!of!substrate!targeting!in!the!cellulosome.!In!
addition,!cellulase!kinetic!models!(see!chapter!1)!highlight!the!need!to!quantify!CBM!
binding!to!cellulose!substrate!and!product!surface!sites!as!well!as!soluble!sugar!products!
of!cellulolysis.!All!literature!reported!to!date!regarding!the!interaction!of!cellulosomal!
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proteins!with!insoluble!cellulosic!substrates!is!limited!to!qualitative!observations!of!
binding.122,2156!To!our!knowledge,!no!studies!regarding!the!interaction!of!type!3a!CBMs!
with!soluble!forms!of!cellulose!and!simple!cellodextrins!have!been!reported.!This!deficit!
is!surprising,!since!such!studies!would!provide!insight!into!the!intricate!interplay!of!
proteinXcarbohydrate!interactions!within!the!cellulosome!during!the!complex!process!of!
cellulolysis.!In!addition,!a!comparison!of!binding!free!energies!of!CBM3a!binding!to!
different!cellulosic!ligands!would!provide!valuable!insight!into!the!evolution!of!protein!
structure!that!imparts!substrate!specificities!across!CBM!families.!!
In!this!chapter,!we!detail!an!experimental!approach!to!the!systematic!evaluation!
of!the!ability!of!a!Clostridia!cellulolyticum2CBM3a!domain!to!bind!waterXsoluble!
cellodextrins.!We!later!explore!the!specific!interactions!of!this!domain!at!the!proteinX
cellulose!interface!using!force!spectroscopy.!Prerequisite!to!quantifying!CBM3a•soluble!
sugar!affinities!is!the!synthesis!of!waterXsoluble!celloXoligosaccharides!and!the!
production!of!recombinant!CBM3aXcontaining!proteins.!
2.2 Hybrid approach to the production of cello-oligosaccharides 
Following!the!synthetic!procedure!of!Redlich!et!al.,!peracylated!celloX
oligosaccharides,!or!cellodextrins,!were!generated!in!mg!to!g!quantities!up!to!DP12!via!the!
Lewis!acidXcatalyzed!pivaloylysis!of!cellulose!triacetate.157!This!approach!allows!for!the!
efficient!acquisition!of!small!to!mediumXsized!cellodextrins,!species!that!are!not!
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available!commercially!in!the!quantities!and!purities!required!for!our!biophysical!
studies.!!
Production!of!peracylated!and!underivatized!cellodextrins!is!described!in!the!
following!sections.!Due!to!the!varying!water!solubility!of!cellodextrins,!we!utilized!a!
“mixed!purification”!protocol!whereby!insoluble!cellodextrins!are!isolated!in!the!
acylated!form!in!organic!milieu,!while!small!cellodextrins!(DP1!–!DP7)!were!obtained!as!a!
mixture,!deXprotected,!and!then!purified!in!aqueous!milieu.!Purification!of!acylated!and!
underivatized!cellodextrins!was!achieved!using!a!combination!of!normal!phase!flash!
chromatography,!reversed!phase!high!performance!liquid!chromatography!(HPLC),!
calcium!affinity!chromatography,!and!size!exclusion!chromatography.158,2159!
2.2.1 Pivaloylsis of cellulose triacetate 
Modeled!after!a!milder!pivaloylysis!alternative!to!the!acetolysis!of!cellulose!
acetate,!fully!acylated!cellodextrins!were!obtained!via!the!process!of!Scheme!1. Cellulose!
triacetate!was!prepared!from!commercial!cellulose!acetate!as!previously!described157!and!
the!product!was!depolymerized!by!treatment!with!boron!trifluoride!diethyl!etherate!and!
pivalic!anhydride.157!The!pivaloylysis!was!monitored!over!the!course!of!25!hours!by!
maxtrixXassisted!laser!desorption!ionization!mass!spectrometry!(MALDIXMS).!The!mild!
nature!of!the!depolymerization!is!apparent!in!the!MALDIXMS!spectra!(Figure!14).!The!
accumulation!of!intermediate!cellodextrin!acetates!(3≤!DP≤!17)!over!the!course!of!18X25!
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hours!suggests!that!the!optimal!reaction!time!to!acquire!cellodextrins!of!DP3X8!is!near!20!
hours.!
!
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Scheme'1:'Production'of'cellodextrins'by'pivaloylysis'of'cellulose'triacetate'
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Figure'14:'MALDIGTOF'analysis'of'the'pivaloylysis'of'cellulose'triacetate'
!
!65!
2.2.2 Purification of per-acylated and underivatized cellodextrin 
mixtures 
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Scheme'2:'Mixed'purification'protocol'for'cellodextrins'
Cellulolse!pivaloylysate!primarily!comprised!a!mixture!of!C1,C4’XpivaloylX
capped!cellodextrins!of!DP!=!1X12.!The!purification!of!this!complex!mixture!is!outlined!in!
Scheme!2A.!The!crude!pivaloylysate!was!first!partitioned!over!silica!gel!to!yield!large!
(DP!>!5)!and!small!(DP!<8)!cellodextrin!acylate!mixtures.!The!small!cellodextrin!mixture!
was!then!subject!to!batch!deprotection!under!Zemplen!conditions!followed!by!
saponification!of!the!pivaloyl!groups!to!yield!waterXsoluble!cellodextrins!ranging!from!
glucose!to!celloheptaose.!As!cellodextrins!larger!than!celloheptaose!are!no!more!than!
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sparingly!soluble!in!water,!cellodextrin!acetates!of!DP!>!7!were!purified!separately!using!
reversedXphase!chromatography!and!deXprotected!individually.!
An!alternative!method!for!the!rapid!production!of!small!cellodextrins!(DP3X6)!was!
reported!by!Zhang!et!al.!(Scheme!2B).158!This!method!utilizes!a!mixed!acid!hydrolysis!
medium!composed!of!concentrated!sulfuric!(>98%)!and!hydrochloric!acids!(37%)!and!
produces!predominantly!cellobiose!and!glucose.!However,!at!short!reaction!times!(3X5!
hours)!substantial!amounts!of!intermediate!hydrolysis!products,!including!cellodextrins!
ranging!in!DP!from!3—6,!can!be!isolated.!This!method!was!used!in!conjunction!with!the!
previously!described!pivaloylysis!to!rapidly!produce!cellodextrins!up!to!DP6.!As!before,!
the!poor!solubility!of!large!cellodextrins!(DP>6)!in!water!renders!the!mixed!acid!
hydrolysis!method!inferior!in!comparison!to!the!pivaloylysis!route!for!production!of!
large!cellodextrins.!!
2.2.2.1'ReversedGphase'highGperformance'liquid'chromatography'of'peracylated'
cellodextrins'
Protected!cellodextrin!mixtures!from!pivaloylsis!were!purified!over!octadecylX
modified!silica!via!reversedXphase!HPLC,!producing!single!oligomers!as!anomeric!
mixtures,!though!some!of!the!anomers!were!isolable!as!single!diastereomers!(Figure!15).!
The!purification!was!achieved!by!application!of!a!nearXisocratic!gradient!of!acidX
modified!acetonitrile!in!water!(60X64%!MeCN:!Water!with!0.02%!formic!acid)!over!30!
minutes!(see!chapter!5).!Such!a!gradual!gradient!or!isocratic!elution!over!C18Xsilica!is!
characteristic!of!the!RPXHPLC!purification!of!cellodextrin!acetate!mixtures.160!
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Figure'15:'ReversedGphase'LCMS'of'peracylated'cellodextrins'
The!separation!of!pivXcapped!cellodextrin!acetates!was!monitored!by!offXline!
liquidXchromatography!coupled!to!electrospray!ionization!mass!spectrometry!(LCMS).!
Total!ion!chromatograms!are!depicted!in!Figure!15.!The!value!of!LCMS!for!the!
characterization!of!complex!oligosaccharide!mixtures!cannot!be!overstated.!In!addition!
to!confirming!product!formation!and!homogeneity,!the!chromatograms!facilitate!
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identification!of!cellodextrin!anomers!and!reaction!byproducts,!such!as!the!C4’Xacetyl!
pentasaccharide!(AcG5)!shown!in!Figure!15,!which!elutes!before!the!pivXcapped!
trisaccharide!(G3).!This!latter!finding,!though!consistent!with!the!pivaloylsis!mechanism,!
was!somewhat!unexpected,!since!Redlich!et!al.!provided!no!indication!that!these!
reaction!products!were!produced!in!significant!amounts.157!The!omission!may!be!a!result!
of!the!use!of!oneXdimensional!1HX!and!13CXNMR!rather!than!LCMS!to!characterize!the!
reaction!products.!Indeed,!C4’Xacetate!vs.!C4’Xpivalate!reaction!products!would!present!
nearlyXidentical!NMR!spectra,!especially!when!recording!the!spectra!of!large!
cellodextrins!and!complicated!diastereomeric!mixtures.!
2.2.2.2'Tandem'calciumGaffinity'and'size'exclusion'chromatographies'for'the'
separation'of'underivatized'cellodextrins.'
The!mixed!purification!and!hydrolysis!strategy!outlined!in!Scheme!2!required!
batch!deprotection!and!subsequent!purification!of!the!underivatized!cellodextrin!
product!mixture.!Zhang!and!Lynd!reported!the!synergistic!combination!of!calcium!
affinity!and!size!exclusion!chromatographies!as!appropriate!for!this!task.158!The!binding!
capacity!of!cellodextrins!to!Ca+2!decreases!with!increasing!degree!of!polymerization,!
thus!larger!cellodextrins!eluted!from!a!Ca+2Xloaded!DOWEX!resin!prior!to!smaller!
oligomers.!Passing!the!eluent!directly!over!the!high!resolution!size!exclusion!resin!P2X
Biogel,!which!efficiently!fractionates!biomolecules!in!the!100X2000!Da!size!regime,!
further!refined!the!initial!separation!achieved!using!calcium!affinity!chromatography.!
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Thus,!with!only!minor!adaptations!we!were!able!to!quickly!and!routinely!obtain!large!
quantities!(0.1X!1!gram)!of!single!celloXoligomers.!!
2.3 Heterologous over-expression of recombinant clostridial 
cellulose-binding domains in Escericia coli 
High!expression,!or!“overXexpression,”!of!recombinant!DNA!plasmids!is!now!
commonplace!in!biochemical!research.161!The!process!involves!the!synthesis!of!an!
expression2vector,!which!is!a!circular!DNA!fragment!usually!derived!from!a!commercial!
pETXbased!plasmid!that!contains!the!following!minimal!components:!i)!one!or!more!
resistance!cassettes!that!confer!antiXbacterial!resistance;!ii)!the!T7!bacteriophage!RNAX
polymerase!promoter!sequence;!iii)!a!lac!operator!which!blocks!the!transcription!process!
prior!to!the!addition!of!lactose!or!isopropylthioXβXDXgalactopyranoside!(IPTG),!and!v)!a!
polylinker!region!containing!unique!restriction!endonuclease!sites!for!siteXselective!
incorporation!of!foreign!genes.!!
The!bacterial!host!is!typically!modified!(i.e.!the!E.2coli!strain!BL21(DE3))!to!
contain!the!T7!RNA!polymerase!gene!under!the!control!of!the!repressed!lac!operon.!T7!is!
a!robust!bacteriophage!RNA!polymerase!not!native!to!the!bacterial!host.!The!only!
promoter!site!for!T7!polymerase!is!thus!found!on!the!pETXbased!expression!vector.!
The!process!of!host!transformation!and!protein!expression!relies!on!a!series!of!
internal!“checks”!that!ensure!optimal!growth!of!only!the!desired!E.2coli!transformants!
expressing!the!gene!of!interest.!First,!the!pET!vector!confers!antiXbacterial!resistance!(i.e.!
the!production!of!betaXlactamase!to!degrade!the!betaXlactam!antiXbiotic!ampicillin)!to!the!
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host.!Upon!transformation!of!the!host!with!the!foreign!DNA,!the!bacteria!is!grown!in!the!
presence!of!ampicillin!(or!another!antibiotic);!under!these!conditions,!only!hosts!
containing!the!gene!of!interest!survive.!
Next,!transcription!of!the!recombinant!gene!on!the!pET!vector!is!induced!by!
addition!of!lactose!or!IPTG,!which!disrupts!the!interaction!of!repressor!proteins!of!the!lac!
operon.!This!repression!allows!the!simultaneous!expression!of!T7!RNA!polymerase!from!
the!bacterial!genome!and!subsequent!binding!and!transcription!of!the!pET!vector.!
During!this!process,!the!native!protein!translation!protein!machinery!of!the!host!is!
saturated!by!the!large!amounts!of!foreign!RNA!produced,!quickly!leading!to!high!yields!
of!the!target!protein.!!
The!heterologous!overexpression!of!proteins!in!E.2coli!is!a!powerful!tool!but!is!
often!plagued!by!numerous!problems,!including!protein!stability,!proteinXhost!
compatibility,!and!protein!solubility.!The!protein!and/or!expression!plasmid!itself!is!
often!toxic,!requiring!rapid!induction!(over!~3!hours)!in!order!to!collect!the!E.2coli!before!
substantial!apoptosis!has!occurred.!Alternatively,!high!expression!rates!achieved!via!the!
use!of!large!amounts!of!IPTG!or!high!expression!temperatures!(30X37!°C)!might!lead!to!
aggregation,!precipitation!or!misXfolding!of!the!protein,!processes!that!often!lead!to!
formation!of!insoluble!protein!inclusion!bodies!that!must!be!denatured!and!
reconstituted!into!native!form.!Monitoring!protein!expression!over!various!IPTG!
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concentrations,!expression!temperatures,!and!expression!time!frames!is!often!required!to!
minimize!these!problems.!!
Heterologous!expression!of!Clostridial!CBM3a!protein!domains!and!the!
recombinant!protein!miniCipC!in!E.2coli!was!successfully!performed!at!high!yields!(up!to!
0.1X0.2!g/L).!We!expressed!the!CBM3a!domain!of!the!C.2cellulolyticum!CipC!primary!
scaffoldin!in!order!to!detail!the!binding!mode!of!this!CBM!to!waterXsoluble!cellodextrins!
and!insoluble!cellulose.!We!hypothesized!that!the!modular!nature!of!the!scaffoldin!
domain!may!play!a!role!in!substrate!recognition,!and!we!also!expressed!the!miniCipC!
scaffoldin!using!the!approach!of!Pages!et!al.162!!
2.3.1 Design and synthesis of recombinant CBM3a-encoding 
plasmids 
pETCBM,!pETCBMHis,!pETminiCipC,!and!pETminiCipCHis!are!pETscafX
derived!protein!expression!vectors!constructed!via!enzymatic!insertion!of!CBM3a!or!
miniCpCXencoding!genes!into!the!pET22b+!expression!plasmid!with!either!the!addition!
or!omission!of!CXterminal!stop!codon,!leading!to!genes!without!or!with!a!hexahistidine!
affinity!tag!at!the!CXterminus,!respectively.!pETscaf!is!a!pET23aXbased!vector!containing!
a!gene!designed!by!our!collaborators!in!the!Fierke!lab!at!the!University!of!Michigan!at!
Anne!Arbor!and!synthesized!by!IDT!DNA!Technologies.!The!scaf!vector!was!designed!to!
encode!a!tetramodular!miniature!scaffoldin!protein!analogous!to!Scaf!3!reported!by!
Fierobe!et!al.121!The!reverse!primers!for!the!miniCipCXencoding!!DNA!carried!15!extra!!
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)
))))PCR)
Blunt)ended)
Cloning)
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ii)  Restric9on)digest)
iii)  Subcloning)into)
pET22b(+))
!
Scheme'3:'Construction'of'pET22bGbased'plasmids'
codons!to!allow!incorporation!of!a!LKVAV!sequence!at!the!CXterminus,!ensuring!proper!
globular!fold!of!the!mature!protein.134!!
The!genes!were!constructed!under!general!cloning!procedures!as!depicted!in!
Scheme!3!and!described!in!detail!in!Chapter!5.!Gene!synthesis!was!followed!by!agarose!
gel!(Figure!16).!Initial!PCR!amplification!of!the!cmb3a!or!minicipc!DNA!regions!of!the!
synthetic!vector!pETscaf!was!performed!using!the!highXfidelity,!thermostable!Herculase!
DNA!polymerase!from!Agilent!Technologies.!The!bluntXended!PCR!products!were!
subcloned!into!the!commercial!highXcopy!sequencing!vector!using!the!BluntXIIXTopo!
cloning!technology!from!Invitrogen!and!transformed!into!the!XL10(Gold)!
ultracompetent!E.2coli2strain!from!Agilent!Technologies.!The!pCRXBluntIIXTopoXbased!
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plasmids!were!amplified!in!E.2coli!and!purified!using!Qiagen!plasmid!miniprep!kits.!The!
plasmid!DNA!was!subjected!to!restriction!digest!by!SalI!and!NdeI!endonucleases!to!
excise!the!cbm3a!and!minicipc!genes.!Ligation!of!the!excerpts!into!a!preXdigested!and!
phosphataseXtreated!pET22b+!expression!plasmid!was!performed!using!fresh!T4Xligase,!
resulting!the!construction!of!pETCBM!and!similar!plasmids.!!
1200$bp$
500$bp$
Lad__$$$$CBMH$$$MCCH$$$$$CBM$$$$$$MCC$
A)#
Lad___EcoR1$digest:$i)$CBM.$ii)$miniCipC$
500$bp$
1200$bp$
B)#
~4kbp$
CBM$insert$DNA$$$$$$Lad$$$$$$$$$$pET22b(+)$
500$bp$
C)#
A)  PCR products from pETscaf PCR; B) EcoR1 
digest of pCRBluntIITopo-ligated DNA; C) 
SalI/ NdeI restriction digest of  pCRBlunt-II-
Topo_CBM and pET22b+ vectors.!
*2% & 0.8% agarose; ethidium bromide stain! !
Figure'16:'Agarose'Gel'Electrophoresis'of'CBM'and'MiniCipC'plasmid'synthesis'
MiniCipCXencoding!DNA!within!the!pETscaf!vector!displayed!a!point!mutation!
whereby!an!A!C!mutation!caused!an!N245T!mutation.!This!mutation!was!reversed!
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using!quickXchange!PCR!as!described!in!chapter!5!to!yield!the!appropriate!miniCipC!
expression!vectors!pETminiCipCT∆N!and!pETminiCipCT∆NHis.!
2.3.2 Expression and purification of C. cellulolyticum CBM3a 
Clostridium!cellulolyticum!CBM3a!!(from!pETCBM!or!pETCBMHis)!was!expressed!
under!control!of!the!T7/lacXoperon!system!in!BL21(DE3)!E.2coli2cells!at!varying!
temperatures,!concentrations!of!IPTG,!and!expression!times.!A!qualitative!comparison!of!
the!amount!of!HisXtagged!protein!expression!under!different!conditions!was!performed!
via!the!analyticalXscale!lysis!of!proteinXfilled!cell!pellets!and!subsequent!crude!
immobilizedXmetal!affinity!chromatography!(IMAC)!of!the!lysate!under!denaturing!
conditions.!Sodium!dodecylsulfate!polyacrylamide!gel!electrophoresis!(SDSXPAGE)!
analysis!of!the!smallXscale!IMAC!purifications!is!shown!in!Figure!17.!The!results!indicate!
that!CBM3a!expression!is!most!strongly!influenced!by!temperature,!expressing!best!at!30!
°C.!Likewise,!higher![IPTG]!produced!improved!yields.!
A!detailed!description!for!CBM3a!purification!by!fast!protein!liquid!
chromatographic!(FPLC)!is!provided!in!the!experimental!chapter!5.!Briefly,!CBM3a!was!
isolated!from!the!waterXsoluble!fraction!of!crude!cell!lysate!via!cellulose!affinity!
chromatography!and!subsequently!purified!to!homogeneity!(as!analyzed!by!SDSXPAGE)!
via!size!exclusion!chromatography!using!an!HRXS100!gel!filtration!column!(GE!
Healthcare).!Chromatographs!and!PAGE!gels!are!shown!in!Figure!18.!
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IPTG=_1.0mM____0.4________0.1_______0.4___________1.0_________0.4_________0.1____ 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Mass: 19,009.82 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50&
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25&
20&
15&
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Figure'17:'Expression'analysis'of'His6Gtagged'CBM3a'
Avicel affinity column!
HR-S100 Size Exclusion!
CBM3a!
~17 kDa!
!
Figure'18:'CBM3a'purification'by'cellulose'affinity'and'size'exclusion'
chromatographies'
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2.3.3 Expression and purification of the miniature scaffoldin miniCipC 
Lad     B   C   D   E   | B  C   D  E | B  C   D   E 
[IPTG]:|__0.1______|___0.5___|__1.0____ 
37 deg Celcius 
TheoreBcal MW= 45146.32 Da 
Lad__  B   C   _   E | B   C   D  E  | B  C   D   E |.1D  
 30 deg Celcius  
 [IPTG]:___0.1___|__0.5____|___1.0____|  (kDa)&
250&
75&
50&
37&
25&
20&
15&
10&
E: protein elution at low pH; Gel: 12% 
acrylamide and Coomassie stain.!
30&°C& 37&°C&
!
Figure'19:'Expression'conditions'for'miniCipC'
The!chimeric!scaffoldin!“miniCipC”!was!heterologously!expressed!from!
pETMCCT∆NHis!expression!vector!in!E.2coli!under!the!control!of!the!T7!RNA!
polymerase/!lac!operon!system!in!BL21(DE)!cells.!Specific!expression!conditions!are!
listed!in!the!experimental!chapter!5.!A!qualitative!comparison!of!the!amount!of!HisX
tagged!protein!expression!under!different!conditions!was!performed!via!the!analyticalX
scale!lysis!of!proteinXfilled!cell!pellets!and!subsequent!crude!IMAC!pullXdown!from!the!
lysate!under!denaturing!conditions.!SDSXPAGE!analysis!of!the!smallXscale!IMAC!
purifications!is!shown!in!Figure!19.!The!results!indicate!that!protein!expression!does!not!
vary!significantly!with!temperature!or![IPTG].!Closer!inspection!of!the!expression!timeX
course!indicated!that!optimal!miniCipC!expression!occurred!at!0.4!mM!IPTG!and!30!°C!
during!seven!hours.!
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Avicel Affinity Chromatography!
Immobilized Ni(II) Affinity Chromatography! Fractions 25-38!
45#kDa#
!
Figure'20:'Affinity'purification'of'miniCipC'over'cellulose'and'Ni2+GNTA'resin'
MiniCipC!was!isolated!from!the!waterXsoluble!fraction!of!crude!cell!lysate!via!
cellulose!affinity!chromatography!and!subsequently!purified!(>90%!pure,!as!analyzed!by!
SDSXPAGE)!via!a!Ni(II)Xloaded!IMAC!column!with!elution!to!300!mM!imidazole!over!20!
column!volumes;!details!of!the!purification!are!provided!in!chapter!5.!Chromatographs!
and!PAGE!gels!are!shown!in!Figure!20.!
2.4 Does CBM3a bind soluble sugars? 
As!described!above,!type!A!CBMs!bind!crystalline!polysaccharides!such!as!
cellulose,!chitosan,!or!chitin.!The!CipC!CBM3a!domain!from!C.2cellulolyticum!is!
structurally!designed!to!accommodate!the!large,!flat!surface!of!crystalline!cellulose.!The!
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binding!site!was!hypothesized!to!accommodate!adjacent!cellulose!chains,!rather!than!the!
linear!glucans!that!comprise!the!cellulose!surface.!To!the!best!of!our!knowledge,!
however,!no!studies!that!explore!the!effects!of!soluble!cellodextrins!on!the!binding!of!
any!type!CBM3a!to!crystalline!cellulose!have!been!reported.!Gilbert!and!coXworkers!
demonstrated!that!scaffoldin!CBMs!bind!different!forms!of!cellulose!with!a!range!of!
affinities.163!They!reported!that!a!family!29!CBM!found!on!a!cellulosomal!scaffoldin!
protein!of!the!anaerobic!fungi!Piromyces!equi!efficiently!binds!polymeric!cellulose!(∆G!=!X
7.6!kcal•molX1)!but!also!displays!a!reduced!capacity!for!soluble!cellodextrins!(X4!<!∆G!<!X6!
kcal•molX1).!!
We!sought!to!determine!whether!CBM3a!binds!soluble!sugars!in!an!attempt!to!
develop!a!molecular!mechanism!for!CBM3aXcellulose!targeting.!Similar!to!CBM29!
described!above,!we!hypothesized!that!cellodextrins!may!display!a!comparable!binding!
affinity!for!CBM3a!as!compared!to!insoluble!cellulose,!which!would!facilitate!
cellulosome!release!from!cellulose!as!soluble!cellodextrins!are!released!in!large!
concentrations!at!the!site!of!cellulolysis!and!compete!for!the!CBM3a!binding!sites.!
Presumably,!cellulosome!would!shift!to!an!area!of!lower!cellodextrin!concentration,!reX
bind!the!cellulose!matrix,!and!continue!cellulolysis.!Initially,!direct!interactions!of!
CBM3a!with!cellodextrins!were!explored!using!istothermal!titration!calorimetry.!
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2.4.1 CMB3a-cellodextrin binding probed with Isothermal Titration 
Calorimetry 
! CBM3a!solutions!were!titrated!with!soluble!cellodextrins!of!increasing!DP!from!
cellobiose!to!cellopentaose!in!a!VP!model!ITC.!The!isothermal!titration!microcalorimeter!
was!introduced!in!1989!by!Wiseman!and!coXworkers164!and!has!since!become!the!gold!
standard!for!biophysical!evaluation!of!intermolecular!interactions,!solvation!
thermodynamics,!and!enzyme!kinetics.165L167!Calorimetric!evaluation!of!proteinX
carbohydrate!affinities!is!a!valuable!tool!and!a!longXstanding!interest!of!the!Toone!
laboratory.!!
The!calorimeter!functions!by!measuring!temperature!differences!between!a!
sample!cell!containing!a!binding!partner!of!the!assayed!reaction!(usually!the!
macromolecule)!and!a!reference!(usually!containing!buffer!or!solvent)!in!an!adiabatic!
jacket.!As!injectant!is!added!to!the!sample!cell,!heat!is!evolved!or!absorbed!by!a!chemical!
reaction!between!or!dilution!of!the!analytes.!The!instrument!continually!applies!more!or!
less!power!( dQ dt )!to!a!sample!cell!in!order!to!maintain!an!isothermal!relationship!
between!the!sample!cell!and!a!reference!cell!in!the!course!of!the!titration.!At!the!end!of!
the!titration,!individual!heat!signals!are!integrated!over!time!yielding!the!heat!or!
absorbed!or!produced!at!each!step!of!the!titration!(∆Q),!in!turn!related!to!the!enthalpy!of!
binding!in!a!binding!titration!via!the!expression!
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∆Q = n∆[MX]∆ H°V0 !
Equation'23,'
where!n!is!the!binding!stoichiometry,!∆H°!is!the!molar!binding!enthalpy!in!kcal•molX1,!
V0!is!the!cell!volume!(1.43!mL!in!a!typical!VPXITC),!and![MX]!denotes!the!complex!of!
macromolecule!M!and!ligand!X!described!the!binding!equilibrium!M!+!X! !MX.!
Given!an!equilibrium!constant!Keq!defined!as!
Keq =
[MX]
[M ][X] !
Equation'24,'
and!the!mass!balance!relationships!
Xtot = [X]+[MX] !
Equation'25'
Mtot = [MX]+[M ]= [MX]+
[MX]
Keq[X]
!
Equation'26,'
where!Xtot!and!Mtot!are!the!total!added!concentrations!of!X!and!M,!a!relationship!defining!
[MX]!as!a!function!of!Xtot!can!be!solved!from!the!quadratic!root!of![MX]!in!the!form!
0 = ([MX])2 +[MX] −Mtot − Xtot − 1Keq
"
#
$
%
&
'+MtotXtot !
Equation'27.'
It!follows!that:!
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d[MX]
dXtot
=
1
2
1
n −
Xtot
nMtot
−1+ 1nKeqMtot
Xtot2
Mtot2
+ n+ 1KeqMtot
"
#
$$
%
&
''
2
− 2 XtotMtot
n− 1KeqMtot
"
#
$$
%
&
''
(
)
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*
*
*
*
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+
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-
-
!
Equation'28'
Substituting!Equation!28!into!Equation!23!allows!expression!of!the!molar!binding!
enthalpy!in!terms!of!total!injectant!concentration!(Xtot):!
dQ
dXtot
=
1
2∆ H°V0 1−
Xtot
Mtot
− n+ 1KeqMtot
Xtot2
Mtot2
+ n+ 1KeqMtot
"
#
$$
%
&
''
2
− 2 XtotMtot
n− 1KeqMtot
"
#
$$
%
&
''
(
)
*
*
*
*
*
*
+
,
-
-
-
-
-
-
!
Equation'29'
A!more!convenient!form!of!Equation!29!is!
1
V0
dQ
dXtot
!
"
#
$
%
&=∆ H° 12 +
1− (1+ r)2 −
Xr
2
Xr2 − 2Xr (1− r)+ (1+ r)2
!
"
#
#
#
$
%
&
&
&
!
Equation'30'
where!
1r = c =MtotKeq !
Equation'31'
!
!82!
Xr = Xtot Mtot !
Equation'32'
Equation!30!is!a!binding!polynomial!that!describes!the!molar!enthalpy!of!binding!
as!a!function!of!injectant!concentration!for!a!binding!reaction!with!1:1!stoichiometry!
under!the!assumption!that!the!sites!are!nonXinteracting.!Equation!29!with!n!representing!
the!number!of!binding!sites,!can!be!used!to!fit!ITC!enthalpy!data.!More!complex!
polynomials!are!used!to!describe!multiple,!interacting!and/or!sequential!binding!sites.!
From!Equation!30,!it!is!apparent!that!the!data!fitting!by!nonXlinear!regression!is!
subject!to!inherent!limitations.!A!crucial!fitting!parameter!for!the!accurate!determination!
of!the!binding!constant!Keq!is!the!unitless!parameter!c!(Equation!31).!The!cXvalue!
inherently!defines!the!usable!experimental!ITC!window,!and!optimal!fits!to!the!data!
require!cXvalues!of!1!<!c!<!1000,!or!more!ideally,!10!<!c!<!100.166!!
From!the!Gibbs!free!energy!relationships!
∆G = −nRT lnKeq !
Equation'33'
∆G =∆ H −T∆ S !
Equation'34'
it!becomes!apparent!that!the!determination!of!both!Keq!and!∆H°!from!a!single!
calorimetric!titration!provides!Keq,!∆H,!∆G,!and!∆S!for!a!binding!equilibrium.!Evaluation!
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of!∆H!as!a!function!of!temperature!provides!∆Cp,!yielding!a!complete!thermodynamic!
characterization!of!the!binding!equilibrium.!!
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Figure'21:'ITC'results'for'CBM3a•cellobiose'(A)'and'cellotriose'(B)'titrations'at'288K'
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Figure'22:'ITC'results'for'CBM3a•cellotetraose'(A)'and'cellopentaose'(B)'titrations'at'
288K'
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! The!calorimetric!titrations!between!CBM3a!and!cellodextrins!of!various!sizes!are!
shown!in!Figure!21!and!Figure!22.!The!titrations!depict!increased!postive!heat!changes!
upon!injection!of!the!cellodextrin!solutions!with!a!general!trend!towards!larger!heats!
with!increasing!DP.!The!lack!of!a!binding!isotherm!for!the!cellobiose,!cellotriose,!and!
tetraose!ligands!is!apparent!in!the!unchanging!heat!absorption!with!additional!ligand!
(Figure!21!and!Figure!22A).!Cellopentaose,!however,!did!appear!to!yield!a!decreasing!
positive!enthalpy!of!binding!with!increasing!mole!fraction!of!injectant,!which!could!be!
indicative!of!very!weak!binding!(cXvalue!≤!1).!!Comparison!of!the!binding!titrations!(i.e.!
cellodextrin!titrated!into!the!CBM3a!solution)!with!reference!titrations!lacking!CBM3a!
indicated!that!the!observed!heats!were!more!likely!attributable!to!ligand!dilution!than!to!
weak,!endothermic!binding!events.!We!concluded!that!CBM3a!protein!does!not!bind!to!
waterXsoluble!cellodextrins!with!a!Ka!observable!by!ITC!(≥103!MX1).!
! An!important!concern!with!recombinant!CBM3a!protein!(and!with!all!
recombinant!binding!proteins)!is!its!biochemical!competency.!Unlike!enzymes!that!can!
be!assayed!for!biochemical!competency!(i.e.!activity)!during!purification!and!storage,!
binding!proteins!cannot!be!routinely!checked!for!inactivation.!The!purification!protocol!
for!the!recombinant!CBM3a!begins!with!celluloseXaffinity!chromatography;!CBM3a!
eluted!from!that!support!is!presumably!active.!In!order!to!confirm!the!continued!
binding!capacity!of!the!recombinant!CBM3a,!we!titrated!a!concentrated!CBM3a!solution!
into!an!avicel!dispersion!(Figure!23).!The!titration!yielded!a!cXvalue!of!1.7,!too!low!to!
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provide!a!meaningful!measure!of!the!binding!affinity,!but!the!observation!of!an!isotherm!
did!provide!a!qualitative!indication!of!the!binding!ability!of!the!protein.!It!is!important!
to!note!that!the!isotherm!in!Figure!23!was!fit!to!a!stoichiometry!of!n!=!1.0!by!manually!
adjusting!the!concentration!of!substrate!sites!on!the!avicel.!This!process!suggested!that!
the!molar!density!of!CBM3a!substrate!surface!sites!on!avicel!was!about!2.5!ÑM/!mg,!and!
provides!a!physical!limitation!for!the!incorporation!of!sufficient!avicel!into!the!VPXITC!
instrument!in!order!to!deduce!meaningful!data!of!the!CBM3aXavicel!interaction,!
rendering!ITC!unsuitable!for!the!characterization!of!CBM3a!binding!to!insoluble!
cellulose.!!
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Figure'23:'ITC'results'of'CBM3a•avicel'titration'at'298'K'
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2.4.2 Low affinity CBM3a-cellodextrin binding tested by ultrafiltration 
titrations 
Given!the!limitations!of!ITC!to!measure!CBM3a•cellodextrin!binding,!we!sought!
other!means!by!which!to!probe!these!interactions.!To!assess!CBM3a!binding!to!
cellodextrins,!we!utilized!the!centricon!titration!method!reported!by!Menguy!et!al.!for!
lowXaffinity!binding!interactions.168!In!this!approach,!several!samples,!each!containing!an!
equal!concentration!of!dilute!protein,!were!supplemented!with!varying!concentrations!
of!ligand.!The!solutions!were!placed!in!a!Centricon®!microXultracentrifugation!tube!and!
centrifuged!at!14!krpm!to!allow!the!solution!to!pass!through!a!semiXpermeable!
membrane!that!only!allows!buffer!and!free!ligand!to!pass.!The!centrifugation!thus!
concentrates!the!protein!to!a!final!concentration!that!is!close!to!the!Kd!of!the!proteinX
ligand!complex,!while!simultaneously!removing!free!ligand!solution!from!the!formed!
macromolecular!complex.!!
The!free!ligand!concentration!in!the!flowXthrough!solution!was!quantified!using!
the!BCA!reducing!sugar!assay!described!in!chapter!5!and!used!to!evaluate!free!ligand!
concentrations!of!the!concentrate.!Plots!of!([formed!complex]/[total!protein])!vs.![free!
ligand]!binding!isotherms!for!cellotetraose!and!cellopentaose!are!presented!in!Figure!24.!
“Ligand!pooling”!effects,!in!which!starting!solutions!of!high!cellodextrin!concentrations!
(>10!mM)!proved!too!viscous!to!allow!free!passage!of!the!ligand!solution!through!the!
protein!concentration!membrane,!were!assessed!by!blank!titration!in!absence!of!protein!
(Figure!24,!red!squares).!Figure!24!illustrates!ligand!pooling!effects,!as!the!data!from!the!
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blank!titration!appears!to!increase!in!complex!formation!at!very!large!ligand!
concentrations!in!both!titrations!with!cellotetraose!and!cellopentaose.!In!the!case!of!
cellotetraose,!all!of!the!formed!CBM3a•DP4!complex!can!be!accounted!for!by!pooling!of!
the!ligand!in!the!concentrate.!A!slight!difference!is!observable!in!the!CBM3a•DP5!
titration,!indicating!very!weak!binding!between!CBM3a!and!cellopentaose.!!
The!cellopentaose!titration!was!fit!to!a!Michaelis!equation!using!MicroCal!
OriginX5!nonXlinear!regression!analysis!software!in!order!to!determine!an!apparent!Kd!of!
binding!as!described!by!Menguy!et!al:168!
[CBM •DP5]
[CBMTotal ]
=
[DP5]
Kd +[DP5]
!
Equation'35'
The!regression!produced!a!dissociation!constant!of!12!mM.!!We!note!a!poor!
correlation!in!the!regression!analysis,!and!centricon!titrations!produced!highly!variable!
stoichiometry!values!(n).!This!poor!reproducibility!in!conjunction!with!the!very!large!
dissociation!constant!(12!mM!for!cellopentaose,!nonXobservable!for!cellotetraose)!
suggests!that!any!observed!binding!is!likely!nonXspecific!in!nature.!In!conjunction!with!
the!ITC!data,!these!data!suggest!that!the!CBM3a!protein!does!not!bind!small,!waterX
soluble!cellodextrins.!The!implications!of!this!finding!are!discussed!with!respect!to!
cellulosomal!enzyme!targeting!effects!in!the!Conclusions!section!below.!!
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Figure'24:'Centricon'titration'of'CBM3a•cellotetraose'(A)'and'cellopentaose'(B)'
binding'
'
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2.5 Specific binding at the protein-cellulose interface observed 
by force spectroscopy169* 
CelluloseXmanipulating!organisms!use!modular!cellulose!hydrolase!enzymes,!or!
cellulases,!to!degrade!recalcitrant!cellulose!microsctructures!in!order!to!obtain!glucose!for!
respiration.123,2170!Nearly!all!cellulophiles!incorporate!cellulose!binding!modules!(CBMs)!
and!one!or!more!hydrolase!domains!into!fully!functional!cellulases.171!Like!lipases,!
cellulose!activity!cannot!be!described!by!classical!MichaelisXMenten!models!of!enzyme!
behavior,!since!enzyme!activity!follows!interfacial!binding!between!the!CBM!and!an!
insoluble!cellulose!substrate.104!The!ability!to!modify!traditional!hydrolase!kinetic!
models!with!information!regarding!specific!CBMXcellulose!binding!is!essential!for!the!
biophysical!characterization!of!cellulases.!Though!techniques!such!as!
microgravimetry,156!surface!plasmon!resonance,172,173!and!UVXvisible!light!spectroscopy174!
are!often!used!to!probe!the!association!of!CBMs!with!cellulosic!substrates,!they!are!
unable!to!differentiate!nonXspecific!adhesion!from!specific!binding.!Traditional!
biophysical!methods!used!to!assay!proteinXcarbohydrate!interactions,!including!
fluorescence!spectroscopy,!isothermal!titration!calorimetry,!ultracentrifugation!and!mass!
spectrometry!are!of!limited!value!due!to!heterogeneity!and!the!insolubility!of!cellulose!
substrates.!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
*!Surface!chemistry!and!force!spectroscopy!were!performed!in!collaboration!with!Dr.!Carleen!M.!Bowers.!
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Force!spectroscopy,!or!the!forced!mechanical!unbinding!of!molecules!over!
nanometer!distances!using!optical!tweezers!or!an!atomic!force!microscope!(AFM),!offers!
an!intriguing!alternative!to!traditional!biophysical!tools!to!observe!binding!interactions!
at!the!solidXliquid!interface.!Our!lab!has!previously!shown!that!force!spectroscopy!
evalutation!of!the!probability!of!binding!between!an!immobilized!receptor!and!
immobilized!ligand!in!the!presence!of!a!free!ligand!of!known!binding!thermodynamics!
facilitates!quantification!of!immobilized!receptorXligand!binding.175!Valbuena!et!al.!
demonstrated!the!inherent!resistance!of!Clostridial!cellulosome!scaffoldin!proteins!to!
mechanical!stress,!a!property!that!makes!force!spectroscopy!an!ideal!method!for!
measuring!Clostridial!CBMXcellulose!interactions.56!Xu!and!coXworkers176,177!recently!
illustrated!the!sensitivity!of!AFMXbased!recognition!force!imaging!to!derive!CBMX
cellulose!unbinding!forces!(~50!pN!at!100!nN/s!loading!rate)!and!binding!energies!of!~15!
kcal•molX1!for!Clostridium!thermocellum!CBM3a.!LikeXwise,!Kitayoka!et!al.178!used!AFM!to!
measure!binding!forces!between!a!hexahistidine!(His6)Xtagged!CBM!from!Cellulomonas!
fimi,2obtaining!a!much!larger!unXbinding!force!of!6.3!nN.!The!biophysical!significance!of!
these!reported!binding!strengths!and!energies!is!obscured!by!the!uncertain!origin!of!
observed!ruptures,!which!could!potentially!result!from!phenomena!including!proteinX
cellulose!adhesion!and!forceXinduced!protein!denaturation.!!
We!hypothesized!that!the!ability!to!block!nonXspecific!adhesion!events!with!a!
free!ligand!in!a!force!spectroscopy!experiment!would!isolate!specific!CBMXcellulose!
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binding!events!from!other!nonXspecific!interactions.!Here,!we!describe!methods!to!
chemically!functionalize!an!AFM!cantilever!with!a!Ni(II)Xchelating!nitrilotriacetate!
(NTA)!group!and!immobilize!a!Clostridial!CBM3a!bearing!a!His6!tag.!We!apply!
piconewton!forces!over!nanometer!distances!to!disrupt!CBMXcellulose!binding!to!a!
synthetic!surface!of!cellulose!nanocrystals!(NCs).!Finally,!we!show!that!we!are!able!to!
block!the!CBMXcellulose!interaction!with!a!colloidalXsuspension!of!cellulose!NCs!and!
observe!the!return!of!CBMXcellulose!binding!upon!the!removal!of!the!blocking!agent.!!
2.5.1 Surface Chemistry 
Immobilization!of!the!CBM3a!to!an!AFM!cantilever!poses!several!challenges.!In!
order!to!reduce!nonXspecific!adhesion!of!protein!to!the!cellulose!surface,!the!protein!
must!be!oriented!in!a!favorable!binding!geometry.!We!chose!to!express!a!recombinant!
triXmodular!Clostridium2cellulolyticum!protein!comprised!of!the!CBM3a,!a!hydrophilic!
domain,!and!the!first!cohesin!domain!of!the!cellulosome!integrating!protein!(CipC),!
following!the!approach!of!Pagès!et!al.162!This!“miniXCipC”!(MCC)!contains!the!CBM3a!at!
the!NXterminus!and!an!engineered!Ni(II)Xbinding!His6!tag!at!the!CXterminus!of!the!
protein.!By!separating!the!functional!CBM!from!the!His6!tag!via!the!intermediate!
hydrophilic!and!cohesin!domains,!we!ensure!that!orientation!of!the!CBM3a!for!
producting!binding!is!not!precluded!by!an!interfering!Ni(II)!chelation!to!the!cantilever.!
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TweenX20®,!pH!=!7.4,!rt,!30!min.!
!
Scheme'4:'Chemical'functionalization'of'AFM'cantilever'and'miniCipC'
immobilization'
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The!cantilever!was!modified!with!a!tetracosaethylene!glycol!(PEG24)!linker!
bearing!an!NTA!moiety!for!Ni(II)!chelation!(Scheme!4).!We!previously!reported!that!the!
PEG24!linker!provides!sufficient!translational!and!rotational!freedom!to!allow!the!protein!
to!adopt!a!productive!substrateXbinding!geometry.175!Following!silicon!functionalization!
chemistry!developed!in!our!lab!for!catalytic!microcontact!printing179!and!later!applied!to!
silicon!nitride!AFM!cantilevers,180!the!cantilever!was!chemically!etched!with!NanoXStrip®!
and!aqueous!HF!to!form!an!HXterminated!silicon!nitride!surface.!This!surface!was!
subsequently!alkylated!via!ultraviolet!lightXpromoted!hydrosilylation!of!the!
heterobifunctional!tertXbutylX3,6,9,12,15XpentahexacosX25Xenylcarbamate!(1)!linker!to!
yield!an!NXBocXterminated!monolayer.!The!NXBoc!functional!group!was!cleaved!using!
trifluoroacetic!acid,!and!the!free!amine!was!coupled!to!a!commercial!NX
hydroxysuccimidylXPEGX24Xmaleimide!(NHSXdPEG24XMal)!linker.!A!synthetic!
sulfhydrylXlinked!NTA!molecule!(2)!was!used!to!incorporate!the!NTA!Ni(II)!chelator!via!
Michael!addition!to!the!thiolXreactive!maleimide!monolayer.!The!changing!elemental!
composition!at!each!reaction!step!was!verified!by!observation!of!the!ratio!of!carbon!to!
silicon!using!XXray!photoelectron!spectroscopy!(XPS).!
!
!
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2.5.1.1'XPS'analysis'of'surface'functionalization.'
XPS!was!used!to!determine!the!elemental!composition!during!the!course!of!
surface!functionalization!(Figure!25XFigure!29).!In!each!case!an!element!sweep!from!0!–!
1200!eV!was!performed!to!identify!the!electron!absorption!bands!of!elements!present!on!
the!surface.!10!scans!were!performed!in!the!C!1s!and!Si!2p!regions!to!quantify!the!C/Si!
ratio†!of!each!surface.!Due!to!the!poor!sensitivity!of!nickel!in!XPS!analysis,!metal!
chelation!to!the!NTA!surface!7!was!verified!with!cobalt!via!the!emergence!of!the!CoX2p!
band!using!10!scans!in!the!Co!2p!absorption!region!in!XPS.!Interestingly,!metal!chelation!
was!not!observed!under!nonXbuffered!soaking!conditions!(50!mM!CoCl2!or!NiSO4)!
common!to!metal!loading!on!immobilized!metalXaffinitiy!chromatography!resins.!This!
effect!is!likely!due!to!a!surfaceXinduced!increase!in!the!pKa!of!the!NTA!moiety!as!
described!by!Whitesides!and!coXworkers181!and!validated!here!via!goniometric!pH!
titration!!(surface!5,!Table!5).!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
†!The!measured!C/Si!ratio!is!normalized!by!multiplying!by!the!Si/C!relative!
sensitivity!factor!ratio!of!1.1799!that!is!specific!to!this!instrument.!!
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Figure'25:'XPS'data'for'RGNHBoc'surface'3'
Surface!3!XPS!data!indicates!presence!of!C,!N,!O,!Si,!and!a!slight!contamination!of!F.!
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Figure'26:'XPS'data'for'RGNH2'surface'4'
Surface!4!XPS!data!indicates!presence!of!C,!N,!O,!Si,!and!a!slight!contamination!of!F.!A!
slight!decrease!in!the!C/Si!content!with!respect!to!surface!3!indicates!removal!of!the!Boc!
group.!
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Figure'27:'XPS'data'for'RGPEG24GMal'surface'5'
Surface!5!XPS!data!indicates!presence!of!C,!N,!O,!Si,!and!a!slight!contamination!of!F.!An!
increase!in!the!C/Si!content!with!respect!to!surface!4!indicates!addition!of!the!PEGXylated!
linker.!
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Figure'28:'XPS'data'for'RGNTA'surface'6'
!Surface!6!XPS!data!depicts!C,!N,!O,!Si,!and!minimal!F.!The!C/Si!ratio!is!no!longer!
quantitative!due!to!the!disordered!nature!of!the!mixed!monolayer!at!this!stage!of!
functionalization.!The!disorder!is!also!evident!in!the!large!hysteresis!from!goniometric!
analysis!(Table!5).!
!
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Figure'29:'XPS'data'for'RGNTAGCo'surface'7'
XPS!data!from!surface!7!depicts!C,!N,!O,!Si,!minimal!F,!and!(most!importantly)!Co.!The!
C/Si!ratio!is!no!longer!quantitative!due!to!the!disordered!nature!of!the!mixed!monolayer!
at!this!stage!of!functionalization.!The!presence!of!the!CoX2p!band!(793!eV)!at!pH!=!6.8!
supports!the!presence!of!CoXchelating!NTA!moieties!on!the!surface.!
!
2.5.1.2'Surface'characteristics'revealed'by'goniometric'analysis'of'water'contact'angles'
Changes!in!chemical!composition!of!the!surface!at!each!reaction!step!alter!the!
hydrophobicity!of!the!surface,!an!effect!evident!in!differing!water!contact!angles!after!
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each!reaction!(Table!5).!A!clear!decrease!in!contact!angle!with!increasing!pH!is!consistent!
with!greater!surface!wetting!as!the!NTA!moiety!is!ionized.!Although!the!reported!pKa!of!
NTA!is!~3!(pKa!=!3.03,!3.07,!10),!the!surface!appears!to!perturb!the!pKa!upward!to!near!
5.5.!As!a!result,!buffered!NiSO4!at!pH!>!6.5!was!necessary!to!efficiently!immobilize!Ni(II)!
to!the!surface.
Table'5:'Surface'functionalization'monitored'by'XPS,'water'contact'angles,'and'
goniometric'pH'titration'
Surface*' C'1s/'Si'2p'
(peak'area)'
S'2p' Co'2p'
(position,'
eV)'
Adv.'
Contact'
Angle'(°)'
Rec.'
Contact''
Angle'(°)'
pH'
3,!RXNHBoc! 0.54! ND§! ND! 67! 58! ND!
4,!RXNH2! 0.39! ND! ND! 49! 38! ND!
5,!RXPEGXMal! 0.71! ND! ND! 60! 46! ND!
6,!RXMalXNTA! 0.61! NO⌘! NO! 49!
52!
51!
53!
45!
45!
46!
43!
42!
42!
32!
35!
28!
27!
20!
20!
17!
16!
12!
10!
2.0!
3.1!
4.0!
5.1!
6.1!
7.0!
8.0!
9.1!
10.1!
11.1!
7,!RXNTAXCo! 0.64! NO!
NO!
NO!
NO!
792.6!
793.5!
ND!
ND!
ND!
ND!
ND!
ND!
5.5!
6.8!
7.4!
*Surfaces!from!Error!'Reference'source'not'found.;!§ND:!data!was!not!determined;!
⌘NO:!peak!was!not!observed.!
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2.5.1.3'Model'cellulose'I'surface'characterized'by'AFM'
Cellulose!nanocrystals!(NCs)!were!spun!on!silicon!into!a!24.5!nm!film!using!the!
method!of!Edgar!and!Gray182!as!described!by!Wågberg!et!al.183!AFM!images!confirmed!
that!the!cellulose!NCs!were!uniformly!spread!across!the!substrate!surface!(Ra!=!1.5,!!Rq!=!
1.8),!allowing!effective!CBM3aXcellulose!binding!at!any!location!on!the!wafer!(Figure!30).!
Inspection!of!the!images!with!NanoScope!software!indicated!the!NCs!were!typically!25!–!
30!nm!in!width,!80!–!100!nm!in!length,!and!8!nm!in!depth.!Unlike!other!cellulose!films,!
cellulose!NCs!can!be!prepared!in!a!mild,!aqueous!buffer!that!is!compatible!with!
cellulose!binding!proteins.!This!unique!feature!enabled!the!use!of!a!colloidal!suspension!
of!cellulose!NCs!to!block!specific!binding!interactions!between!the!cantileverXbound!
CBM3a!and!the!cellulose!surface,!thus!differentiating!specific!interfacial!binding!events!
from!nonXspecific!proteinXcellulose!adhesion!(vide!infra).!
!
Figure'30:'AFM'image'of'spunGcellulose'I'nanocrystals'
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2.5.2 Force spectroscopy controls and MCC-cellulose binding 
AFM!is!a!sensitive!tool,!measuring!cantilever!tension!at!pN!loads!and!stage!
retraction!over!nm!distances.!As!a!result,!the!analysis!of!force!spectroscopy!data!is!
subject!to!errors!associated!with!surface!vibrations!and!tip!fluctuations!that!can!alter!
rupture!morphology!and!lead!to!inconsistent!identification!of!ruptures.!Other!
experimental!parameters,!such!as!contact!force!and!dwell!time,!also!alter!rupture!
morphologies!and!impact!the!probability!of!observing!a!rupture!even!within!a!single!
data!set.!To!minimize!these!concerns,!we!rely!on!the!guidelines!outlined!by!Bowers!et!
al184!for!objective!analysis!of!rupture!data.!!
2.5.2.1'NTAGNi(II)GHistag'forced'rupture'profile'
!A!prerequisite!to!the!use!of!AFM!to!characterize!CBM3aXcellulose!binding!is!an!
assessment!of!the!force!and!distance!limitations!of!the!molecular!system.!The!CBM3aX
cellulose!interaction!is!dominated!by!nonXcovalent!hydrophobic!contacts.153!To!assess!the!
mechanical!strength!of!these!interactions!in!comparison!to!the!nonXcovalent!
coordination!of!the!His6!tag!and!the!NTAXNi(II)!complex,!a!model!peptide!with!the!
primary!sequence!CGWGGHHHHHH!was!synthesized!using!microwaveXassisted!solidX
phase!peptide!synthesis.!The!peptide!cysteine!residue!was!used!to!covalently!link!the!
peptide!to!a!maleimideXterminated!silicon!surface!using!chemistry!similar!to!that!
described!above.!A!Ni(II)Xloaded!NTA!monolayer!on!the!AFM!cantilever!was!gradually!
brought!into!contact!with!the!peptide!surface.!Upon!retraction,!the!deflection!of!the!
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cantilever!yielded!a!force!vs.!distance!plot!characteristic!of!forceXinduced!rupture!of!the!
His6XNi(II)XNTA!interaction.!We!repeated!the!process!for!250!cycles!and!plotted!the!
frequency!of!observed!rupture!forces!and!lengths!(Figure!31).!The!frequency!histograms!
were!fit!to!an!inverse!Gaussian!distribution!function!to!determine!statistically!significant!
forces!and!lengths.!The!mean!NiXdependent!rupture!force!was!121!±!7!pN!at!a!retraction!
velocity!of!200!nm•sX1,*!and!the!mean!rupture!length!was!15.5!±!0.4!nm,!values!that!agree!
well!with!a!molecular!system!length!of!about!13!nm!(3!nm!peptide!+!10!nm!PEG24).!!
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Figure'31:'Histag'rupture'force'and'length'histograms'
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
*!The!retraction!velocity!corresponds!to!loading!rate!of!~0.4!nN•sX1!as!calculated!
for!the!presented!molecular!system!by!Bowers!et!al.!(2013).!!
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2.5.2.2'CelluloseGtip'and'celluloseGminiCipC'interactions'
To!determine!the!inherent!adhesive!forces!associated!with!cantileverXcellulose!
contact,!we!plotted!the!systematic!rupture!frequencies!at!varying!distances!for!a!“blank”!
NTAXterminated!cantilever!in!contact!with!a!cellulose!film.!The!probability!of!observing!
a!rupture!event!(Pbind)!was!14%!over!150!pulls,!indicating!minimal!adhesion!between!the!
tip!and!cellulose!surface.!The!adhesion!forces!observed!varied!widely,!though!most!were!
below!150!pN.!The!rupture!lengths!distribution!indicated!no!statistically!significant!
mean!rupture!length,!consistent!with!nonXspecific!adhesion.!!
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Figure'32:'MiniCipCGcellulose'forced'rupture'curves'
With!a!firm!understanding!of!the!system!characteristics,!we!next!sought!to!
characterize!specific!(e.g.!“blockable”)!CBM3aXcellulose!interactions.!Initially,!the!
cantileverXimmobilized!MCC!was!brought!into!gentle!contact!with!a!nanocrystalline!
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cellulose!surface,!and!the!surface!was!retracted!to!generate!a!force!vs.!distance!plot!
(Figure!32).!Next,!a!blocking!solution!of!cellulose!NCs!in!buffered!water!was!introduced!
into!the!AFM!flow!cell.!Initial!attempts!to!monitor!binding!events!in!the!presence!of!the!
NC!suspension!were!unsuccessful!due!to!large!background!cantilever!movement,!
presumably!attributable!to!the!presence!of!the!NCs.!Fortunately,!the!CBM3aXcellulose!
interaction!is!highly!salt!dependent,71!and!removal!of!the!NCs!with!buffered!saline!left!
intact!the!bound!MCCXNC!complexes!but!successfully!removed!unbound!NCs!and!the!
large!NCXinduced!noise.!The!NCs!were!removed!from!the!MCC!molecules!with!pure!
water—a!process!routinely!used!in!the!purification!of!CBM3a!via!celluloseXaffinity!
chromatography71,2162,!and!the!MCCXcellulose!binding!returned!in!the!presence!of!
buffered!saline,!albeit!with!a!large!reduction!in!total!binding!events!as!compared!to!the!
initial!data!set!(Figure!33).!!
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Figure'33:'MiniCipCGcellulose'binding'probabilities'
Each!cycle!was!repeated!in!excess!of!100!pulls!to!yield!frequency!histograms!of!
rupture!forces!and!lengths.!Significantly,!a!reduction!in!Pbind!from!93%!to!55%!was!
observed!from!the!initial!to!blocked!binding!experiments.!The!binding!probability!
increased!(73%)!following!removal!of!the!blocking!agent,!indicating!a!significant!number!
of!specific,!“blockable”!interactions.!The!large!binding!probability!in!the!presence!of!
blocking!agent!is!consistent!with!extensive!nonXspecific!adhesion.!Gratifyingly,!the!
highest!frequency!of!blockable!rupture!events!was!observed!at!a!rupture!length!of!32!±!1!
nm!(Appendix!A),!a!distance!consistent!with!a!predicted!molecular!system!of!about!30!
nm!(20!nm!protein!+!10!nm!PEGXlinker).!The!distribution!of!rupture!lengths!may!have!
been!skewed!by!the!presence!of!short!nonXspecific!tipXcellulose!adhesion!events!(vide!
supra).!The!mean!rupture!force!of!50!±!1!pN!is!slightly!larger!than!the!33.3!pN!rupture!
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force!reported!by!Xu!et!al177!at!16!nN/s!and!is!well!below!the!120!pN!binding!threshold!
reported!here!for!the!His6XNi(II)XNTA!interaction.!!
A!significant!reduction!in!rupture!events!was!also!apparent!in!the!force!and!
length!histograms!after!the!initial!stage!of!the!experiment.!This!drop!in!binding!
frequency!upon!blocking!and!washing!is!also!consistent!with!substantial!levels!of!nonX
specific!adhesion!in!the!initial!stage!of!the!experiment.!Because!we!cannot!rule!out!
elevation!of!the!mean!rupture!force!and!diminution!of!rupture!lengths!as!a!result!of!
background!adhesion!between!MCC!and!the!cellulose!surface,!we!sought!to!remove!
nonXspecific!contacts!between!the!AFM!tip!and!cellulose!surface!using!buffer!additives.!
The!experiments!were!repeated!with!a!nonXionic!detergent!(TweenX20®),!which!should!
disrupt!weak!hydrophobic!contacts!between!the!PEG24!linker!and!protein!with!the!
cellulose!surface.!As!shown!in!Figure!32,!the!addition!of!up!to!0.05%!TweenX20®!resulted!
in!a!slightly!lower!initial!Pbind!of!89%!but!yielded!a!satisfactory!blocking!efficiency!
(Pbind=34%)!and!a!substantial!return!of!binding!upon!removal!of!the!blocking!agent!
(Pbind=76%).!!
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Figure'34:'MiniCipCGcellulose'rupture'force'and'length'histograms'
MCCXcellulose!rupture!force!and!length!profiles!are!presented!in!Figure!34.!We!
observed!an!initial!mean!rupture!force!of!52!±!1!pN!which!agrees!well!with!the!initial!
force!in!the!absence!of!TweenX20®;!however!upon!blocking!the!tip!with!a!NC!suspension!
and!subsequently!removing!the!blocking!agent!in!pure!water,!that!mean!shifted!to!a!
smaller!rupture!force!of!45!±!2!pN,!closer!to!the!values!of!Xu!et.!al.177!The!initial!mean!
rupture!length!was!17.5!±!0.3!nm,!shifting!to!a!longer!mean!of!28!±!1!nm!after!blocking!
!109!
agent!was!removed.†!The!shift!to!lower!rupture!forces!and!longer!rupture!lengths!upon!
addition!and!removal!of!the!blocking!agent!suggests!a!different!chemical!environment!
exists!in!the!initial!and!washed!stages!of!the!experiment.!We!hypothesized!that!the!
cellulose!blocking!agent!reversibly!inhibits!specific!CBM3a!binding!sites!and!irreversibly!
disrupts!nonXspecific!proteinXcellulose!interactions.!!
2.5.3 Galectin-3 force spectroscopy: elucidating specific ruptures 
To!probe!this!hypothesis,!we!exchanged!MCC!with!the!similarly!sized!lectin,!
murine!galectinX3!(G3,!35!kDa).!We!have!previously!detailed!the!specific!affinity!(Ka!~!
6400!MX1)!of!G3!for!small!galactoseXbased!carbohydrates!and!demonstrated!its!suitability!
for!force!spectroscopy!experiments.175,!180,!184,!185!To!our!knowledge,!G3!has!no!reported!
affinity!for!polysaccharides!or!cellulose!and!should!serve!as!an!appropriate!control!to!
identify!nonXspecific!proteinXcellulose!interactions!in!force!spectroscopy!and!to!test!our!
blocking!methodology.!If!the!cellulose!NC!blocking!agent!does!irreversibly!inhibit!nonX
specific!proteinXcellulose!interactions,!we!should!initially!observe!G3Xcellulose!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
†!Deviations!in!the!rupture!lengths!towards!smaller!distances!is!expected!when!
considering!the!cone!shape!of!the!cantilever!tip.!Few!molecules!are!located!near!the!edge!
of!the!tip,!where!the!rupture!distance!is!likely!to!demonstrate!the!molecular!length!of!the!
system.!
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interactions!blockable!by!NC!suspension,!but!binding!should!not!reappear!after!
washing.!!
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Figure'35:'CelluloseGGalectin'3'unbinding'curve'and'binding'probability'
As!with!MCC!experiments,!G3!was!immobilized!to!the!AFM!cantilever!via!a!
NTAXNi(II)Xmediated!His6!tag!ligation!of!the!protein.!The!tip!was!brought!into!contact!
with!cellulose!for!1!second,!and!the!surface!was!removed!at!a!retraction!velocity!of!200!
nm/s.!The!process!was!repeated!for!250!pulls!over!three!cycles!in!the!absence!(initial/!
washed)!or!presence!(blocked)!of!the!cellulose!NC!suspension.!The!observed!rupture!
morphologies!for!G3Xcellulose!interactions!were!nearly!identical!to!those!recorded!in!our!
MCCXcellulose!experiments!and!the!G3Xlactose!force!curves!reported!by!our!previous!
studies.175,2180,2184!A!representative!rupture!curve!and!Pbinds!are!given!in!Figure!35.!The!
change!in!Pbind!with!and!without!the!cellulose!blocking!agent!qualitatively!suggests!
blockable!interactions!were!observed!as!the!initial!Pbind!of!75%!reduced!to!45%!under!the!
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blocked!conditions.!Interestingly,!Pbind!increased!to!60%!in!the!washed!experiment,!
suggesting!the!G3Xcellulose!interactions!were!reversible!and!specific;!however,!the!
differences!in!Pbind!are!too!small!to!quantitatively!determine!if!G3!reversibly!binds!
cellulose!or!if!the!increased!Pbind!in!the!washed!experiment!is!of!an!alternative!origin.!!
To!resolve!the!differential!Pbinds!between!the!blocked!and!washed!G3Xcellulose!
binding!experiments,!we!examined!the!change!in!rupture!force!and!length!distributions!
under!initial,!blocked,!and!washed!conditions!(Figure!36).!We!observed!little!variation!in!
the!force!distributions!between!different!pulling!cycles.!Strikingly,!the!forces!observed!
for!G3Xcellulose!unXbinding!(~46!pN)!were!nearly!identical!to!the!MCCXcellulose!rupture!
forces!observed!in!the!regenerated!binding!(washed)!experiments!(45!pN).!Though!this!
could!suggest!that!G3!interacts!with!cellulose!in!a!fashion!analogous!to!MCC,!the!
similarity!in!rupture!forces!more!likely!demonstrates!that!nonXspecific!proteinXcellulose!
contacts!are!mechanically!similar!to!specific!CBM3aXcellulose!interactions.!This!
observation!is!not!entirely!unexpected,!as!qualitative!observations!of!a!highly!saltX
dependent!binding!between!two!very!flat!cognate!CBM!and!cellulose!binding!interfaces!
clearly!illustrate!the!possibility!of!a!mechanically!weak!(i.e.!low!force!barrier!to!
unbinding),!yet!thermally!stable!(i.e.!large!thermal!barrier!to!unbinding),!binding!driven!
predominantly!by!hydrophobic!desolvation.71,2153!
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Figure'36:'CelluloseGGalectin'3'rupture'force'and'length'histograms'
As!we!were!unable!to!use!force!distributions!to!differentiate!specific!from!nonX
specific!binding,!we!analyzed!rupture!length!distributions!to!identify!qualitative!
differences!in!MCCXcellulose!and!G3Xcellulose!ruptures!(Figure!36,!right).!In!the!initial!
G3Xcellulose!unXbinding!experiment,!we!observed!two!classes!of!rupture!lengths!
characterized!by!short!(17!nm)!or!long!(50!nm)!lengths.!As!with!MCC,!we!attribute!the!
two!length!classes!to!be!largely!due!to!short!linker/tipXcellulose!interactions!and!longer!
proteinXcellulose!interactions.!Under!the!conditions!of!the!blocked!experiment,!each!
class!of!ruptures!is!ablated,!and!neither!the!short!nor!long!class!of!ruptures!appears!to!
regenerate!after!washing!away!blocking!agent.!Indeed,!the!cellulose!NC!suspension!
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appears!to!irreversibly!block!both!the!short!and!long!classes!of!G3!ruptures,!while!
reversibly!ablating!nonXspecific!contacts,!apparent!in!the!increased!Pbind!in!the!washed!
(60%)!as!compared!to!blocked!(45%)!experiment!across!nearly!all!measured!distances.!
When!the!G3Xcellulose!rupture!lengths!are!interpreted!in!comparison!to!MCCXcellulose!
rupture!lengths,!we!clearly!observe!reversibly!blockable!length!distributions!in!the!
expected!regime!for!MCCXcellulose!interactions!(25!–!40!nm),!although!we!failed!to!
regenerate!the!initially!observed!G3Xcellulose!interactions!in!the!length!range!for!G3X
cellulose!contacts!(40!–!60!nm).!!
2.6 Conclusions 
We!have!reported!the!production!of!cellodextrin!mixtures!using!a!combination!of!
acid!hydrolysis!of!avicel!and!pivaloylysis!of!cellulose!triacetate.!The!mixtures!were!
subsequently!purified!via!organicXphase!separation!over!octadecyl!silica!with!RPXHPLC!
or!tandem!calcium!affinity!and!size!exclusion!chromatographies!in!aqueous!milieu.!
Clostridial!CBM3a!domains!were!heterologously!expressed!in!E.2coli!and!purified!by!
cellulose!affinity!chromatography,!size!exclusion,!and!IMAC!methods.!Subsequent!
calorimetric!evaluation!of!the!CBM3a•cellodextrin!bindng!provided!no!discernible!
binding!affinity!for!the!investigated!binding!partners.!Additionally,!centricon!
ultracentrifugation!titrations!for!evaluating!low!affinity!binding!further!supported!the!
lack!of!association!between!CBM3a!and!waterXsoluble!cellodextrins.!
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CBM3a•cellulose!interfacial!binding!was!explored!using!force!spectroscopy.!A!
generally!useful!procedure!was!described!for!the!stepwise!chemical!modification!of!
silicon!nitride!AFM!cantilevers!with!hydrosilylation!chemistry!and!orthogonal!chemical!
ligation!protocols!to!instill!NTA!moieties!for!the!Ni(II)Xmediated!immobilization!of!His6X
tagged!proteins.!Frequency!analysis!of!the!forced!unbinding!profile!of!an!immobilized!
Clostridial!CBM3aXcontaining!miniCipC!protein!opposite!a!nanocrystalline!cellulose!
surface!clearly!demonstrated!the!mechanical!rupture!of!specific!MCCXcellulose!
interactions!under!a!force!load!of!45!pN!at!0.4!nN/s!over!a!distance!of!28!nm.!Specific!
binding!could!be!disrupted!with!a!suspension!of!cellulose!nanocrystals!and!regenerated!
by!the!removal!of!the!NCs!with!pure!water.!Upon!repeating!the!experiment!with!murine!
galectinX3,!which!does!not!bind!cellulose,!nearly!identical!forceXfailure!profiles!were!
observed!as!compared!to!MCC.!However,!upon!evaluation!of!the!frequencies!of!rupture!
lengths,!distinct!rupture!length!distributions!describing!G3Xspecifc!ruptures!were!not!
regenerated!in!the!washed!stage!of!the!experiment,!indicating!that!no!such!specific!
interactions!existed!between!G3!and!cellulose.!On!the!other!hand,!MCCXcellulose!
rupture!length!distributions!could!clearly!be!regenerated!in!the!washed!stage!of!the!
MCCXcellulose!binding!experiment.!These!data!illustrate!how!rupture!length!profiles!
and!blocking!agents!must!be!used!together!to!differentiate!specific!(eg.!reversible!and!
“blockable”)!binding!events!versus!nonspecific!(eg.!irreversible!and/or!unXblockable)!
adhesion.!Furthermore,!our!results!offer!the!first!clear!indication!of!specific!binding!at!
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the!CBM3aXcellulose!interface!by!way!of!accounting!for!nonXspecific!proteinXcellulose!
contacts!in!the!use!of!galectinX3Xbased!negative!control.!!
Given!the!large!discrepancy!in!reported!unXbinding!forces!for!CBMXcellulose!
association!(51!pN!at!100!nN/s177!vs.!6.3!nN178)!and!the!evaluation!that!forceXderived!
CBMXcellulose!binding!energies!(~14!kcal•molX1)177!exceed!protein!folding!energies!(~7!
kcal•molX1)186,!our!results!provide!a!cautionary!tale!for!the!determination!of!binding!
energies!via!the!interpretation!of!binding!forces!alone.!As!such,!we!suggest!that!
evaluation!of!changing!binding!probabilities!during!a!competitive!binding!titration175!is!
the!preferred!method!for!determining!immobilized!proteinXsubstrate!binding!energies!
and!binding!constants!using!AFM.!
We!set!out!to!probe!the!nature!of!CBM3aXcellulose!association!and!enzyme!
targeting!in!cellulosome!action.!!While!our!results!are!not!dispositive!with!respect!to!this!
question,!they!do!offer!important!insight!into!the!celluloseXbinding!mode!of!C.2
cellulolyticum!CBM3a,!and!suggest!a!novel!and!previously!unknown!binding!mode.!Our!
results!clearly!demonstrate!that!CBM3a!specifically!binds!crystalline!cellulose!in!
reversibly!blockable!and!a!saltXdependent!manner,!but!does!not!bind!soluble!linear!
oligosaccharides,!at!least!through!the!pentaose.!Our!ITC!results!of!the!CBM3a•avicel!
binding!(Figure!23)!suggest!the!binding!is!entropically!driven!at!298!K,!suggesting!a!role!
of!hydrophobic!desolvation!in!binding.!Although!a!coXcrystal!structure!has!not!been!
reported,!an!examination!of!the!binding!face!of!CBM3a!offers!clues!as!to!how!such!a!
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binding!might!occur.!!The!lower!beta!sheet!of!the!protein,!containing!the!canonical!
sugarXbinding!residues!(Figure!37;!S14,!S19,!Y23,!W58,!H61,!Y70,!W123,!and!Y140),!is!
ideally!structured!to!interact!with!a!perimeter!ring!of!saccharide!residues!on!adjacent!
chains!and!encompassing!the!large,!flat!face!of!a!cellulose!sheet;!such!a!binding!would!
presumably!be!driven!largely!by!hydrophobic!desolvation.!Such!a!binding!mode!would!
also!rationalize!the!lack!of!binding!of!even!large!linear!oligosaccharides,!since!critical!
binding!contacts!require!adjacent!polymer!chains.!!Rather,!the!proposed!mode!would!
exploit!the!unique!crystalline!structure!of!cellulose,!and!offer!a!powerful!mechanism!of!
enforcing!specificity!–!i.e.!targeting!–!in!a!milieu!contaminated!with!myriad!soluble!
substrates!of!identical!linear!(or!primary)!structure.!
This!proposed!binding!mode!is!also!consistent!with!the!OXring!theory!of!Bogan!
and!Thorn187!in!which!a!ring!of!residues!at!the!binding!interface!of!the!protein!occludes!
water!from!a!“hot!spot”!residue!at!the!center!of!the!protein!binding!site.!Hot!spots,!first!
described!by!Clackson!and!Wells,188!are!protein!residues!that!account!for!the!majority!of!
the!binding!free!energy!in!proteinXprotein!interactions.!Application!of!the!OXring!theory!
to!CBM3aXcrystalline!cellulose!binding!provides!a!molecular!rationale!for!the!apparent!
specificity!of!CBM3a!for!very!flat!carbohydrate!surfaces,!and!lack!of!specificity!to!soluble!
cellodextrins.!The!implications!of!this!rationale!provide!insight!into!enzyme!targeting!
effects!proposed!by!Fierobe!and!coXworkers.121,2122,2131!Thus,!we!suggest!that!future!work!
to!evaluate!targeting!effects!in!the!cellulosome!should!focus!on!identifying!potential!hot!
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spots!for!affinity!on!the!CBM3a!surface!and!also!evaluate!the!role!of!cellulose!
crystallinity!for!CBM3aXcellulose!association.!
!
Tyr$70$His$61$
Trp$123$
Ser$19$
Ser$14$
Tyr$140$
Tyr$23$
A" B"
CBM3a&
Cellulose&
!
Figure'37:'C.#cellulolyticum'CBM3a'XGray'crystal'structure'(A;'1g43)'and'
proposed'binding'mode'to'cellulose'(B)''
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3. Comparison of cellulase activity assays and synthesis 
of a flourogenic cellohexaoside 
3.1 Introduction 
The!functional!study!of!cellulases!is!a!broad!field!limited!by!a!dearth!of!methods!
for!quantifying!cellulase!activity.!The!challenges!posed!by!cellulase!assays!are!not!
insignificant.!Natural!cellulose!fibers!are!a!mixture!of!highly!recalcitrant,!insoluble,!
crystalline!cellulose!I!microfibrils!containing!disordered!regions!of!amorphous!cellulose!
encapsulated!in!layers!of!hemicellulose,!pectin,!and!lignin;!cellulase!accessibility!is!
limited!without!chemoXenzymatic!pretreatment!of!the!natural!substrate!to!expose!the!
cellulose!substrate.!Pure!cellulose!is!insoluble,!has!no!absorptions!in!the!UV/vis!range,!
and!chemically!inert—characteristics!that!constitute!a!poor!substrate!for!routine!enzyme!
assays.!The!field!of!cellulase!study!has!broadly!relied!on!two!classes!of!assay!to!quantify!
cellulase!activity:!i)!the!discontinuous!analysis!of!soluble!sugar!content!of!the!reaction!
mixture,!and!ii)!the!implementation!of!complex!and!specialized!technologies!to!follow!
cellulase!activity!via!realXtime,!direct!measures!of!cellulose!depolymerization.!These!
classes!of!assay!are!described!below.!
3.1.1 Discontinuous cellulase assays 
3.1.1.1'Chemical'reducing'sugar'assays'
The!current!IUPAC!method!to!monitor!cellulase!activity!utilizes!3,5X
dinitrosalicylic!acid!(DNS)!to!oxidize!soluble!sugar!products!from!cellulaseXcatalyzed!
cellulose!depolymerization,!namely!cellobiose!and!glucose.189!In!addition!to!serving!as!
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an!indirect!indication!of!cellulase!activity,!the!method!is!discontinuous,!laborious,!and!
insensitive!below!micromolar!concentrations.!Other!oxidants!and!dyes,!such!as!
ferricyanide,190!4Xhydroxybenzhydrazide!(pXHBH),!bicinchoninnic!acid!(BCA),191!
tetrazolium!blue,!and!3XmethylX2Xbenzothiazolinonehydrazone!(MBTH)!have!been!used!
to!increase!sensitivity;189!however,!many!of!these!dyes!react!with!proteins,!and!all!rely!on!
the!indirect!and!discontinuous!indication!of!cellulase!activity!under!enzymeXdenaturing!
conditions.!
Table'6:'Comparison'of'reducing'sugar'assays'for'CelF'avicellase'quantitation'
Substrate' Oxidant' Conditions' CelF'activity*' Comments'
Avicel' K3FeCN6! Alkaline!cyanide!
and!sodium!
dodecyl!sulfate!in!
boiling!water!for!
15!min.!
20!–!50!mg•LX
1hrX1!
Fe!reagent!is!not!compatible!
with!protein!and!use!of!SDS!
and!boiling!water!limit!use!
in!highXthroughput!or!
continuous!cellulase!assay.!
Avicel' DNS! 1%!DNS,!0.2%!
phenol,!and!1%!
buffered!NaOH!
in!boiling!water!
for!5!min.!
Not!
detectable.!
The!reagent!was!not!
sensitive!enough!to!measure!
crude!CelF!activity.!The!
reaction!is!run!under!
enzymeXdenaturing!
conditions.!
Avicel' pXHBH! 1%!pHBH!in!1M!
NaOH!at!75!°C!
for!30!min.!
29!mg•LX1hrX1! pHBH!is!insensitive!to!
protein!and!only!requires!a!
reaction!temperature!of!75!
°C;!though!alkalinity!is!not!
compatible!with!enzyme.!!
Avicel' BCA! 0.2%!BCA!+!0.1%!
Cu2+,!pH!~9!at!70!
°C,!30!min.!
~50!mg•LX1hrX
1!
CuXBCA!crossXreacts!with!
protein.!
*CelF!concentrations!typically!in!the!low!micromolar!range!from!crude!preparations.!!
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In!our!own!search!for!a!sensitive,!facile!assay!of!cellulase!activity,!reducing!sugar!
produced!from!C.2cellulolyticum!CelFXcatalyzed!hydrolysis!of!microcrystalline!cellulose!
(avicel)!was!measured!under!several!conditions!(Table!6)!using!endXpoint!titration!after!
20!hours!of!cellulolysis.!The!most!sensitive!and!effective!reagent!was!pXHBH,!though!
even!this!reagent!required!enzyme!denaturing!reaction!conditions,!precluding!its!use!in!
continuous!assay!of!cellulase!activity.!As!described!in!chapter!1,!CelF!is!a!GH!family!48!
cellobiohydrolase!II!that!processively!removes!reducing!sugar!equivalents!(cellobiose)!
from!single!chains!of!polymeric!cellulose.!However,!due!the!intractable!nature!of!
crystalline!cellulose,!the!rate!of!hydrolysis!is!very!slow,!on!the!order!of!50!mg•LX1hrX1!
using!micromolar!enzyme!concentrations.!This!slow!rate!of!cellulolysis!is!problematic!
when!using!crystalliine!cellulose!as!a!model!substrate.!Demain!and!coXworkers8!have!
commented!on!the!use!of!trinitrophenylXfunctionalized!carboxymethyl!cellulose!
substrates!as!a!more!convenient!substrate!for!select!endoglucanases!of!C.2thermocellum,!
although!the!broader!application!of!this!substrate!to!cellobiohydrolases!has!not,!to!our!
knowledge,!been!reported.!
3.1.1.2'HPLCGbased'methods'
HighXperformance!liquid!chromatography!(HPLC)!has!been!used!to!monitor!the!
activity!of!cellulases!against!nonXcrystalline!cellulose!substrates.192L194!In!a!discontinuous!
assay,!aliquots!of!the!soluble!fraction!of!cellulolysis!are!analyzed!by!HPLC!to!quantify!
soluble!cellodextrins!and!glucose.!The!method!requires!the!use!of!specialized!stationary!
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phases!capable!of!resolving!mixture!of!underivatized!cellodextrins.!At!an!analytical!
scale,!typical!resins!include!betaXcyclodextran,!Pb2+!or!Ca2+Xbound!cation!exchange!
resins,!and!highXresolution!gel!filtration!media.!Detection!methods!include!electrospray!
mass!spectrometry,!refractive!index!detection!(RID),!and!pulsed!amperometric!detection!
(PAD).!Although!LCMS!is!able!to!identify!different!sugar!products,!quantitation!is!at!
best!problematic.195!RID!is!the!most!common!quantitative!detection!for!the!HPLC!
analysis!of!sugars.!Amperometric!detection,!which!measures!an!electrical!response!to!
reducing!sugar!oxidation!over!a!gold!or!enzymeXlinked!anode,!is!the!most!quantitative!
detector!of!soluble!sugar,!but!is!not!often!used!for!HPLC!detection.194!
The!HPLCXbased!method!provides!valuable!information!regarding!cellulolysis!
intermediates!and,!thus,!gives!perhaps!the!best!picture!of!the!time!course!of!cellulolysis,!
especially!intermediate!product!distributions.!On!the!other!hand,!HPLC!is!not!ideal!for!
routine!functional!analysis!of!cellulase!activity!due!to!slow!hydrolysis!rates!and!special!
instrumentation!requirements.!Sample!collection!is!usually!performed!over!24!or!more!
hours,!and!individual!samples!from!the!soluble!fraction!of!a!cellulolysis!mixture!require!
centrifugation!prior!to!analysis.!Samples!are!then!individually!analyzed!by!HPLC,!a!
process!that!can!take!30X60!minutes!per!sample.!Individual!peak!integrations!are!finally!
fit!to!calibration!curves!for!quantitation.!!
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3.1.2 Real-time cellulase quantitation 
3.1.2.1'Microgravimetric'analysis'of'cellulases'
Turon!and!coXworkers!have!introduced!an!intriguing!method!of!quantifying!
cellulose!binding!and!hydrolysis!in!real!time!using!a!Quartz!Crystal!Microblance!
(QCM).!The!change!in!the!frequency!of!an!oscillating!surface!coated!with!cellulose!was!
monitored!over!the!timeXcourse!of!cellulolysis!and!fit!to!an!empirical!model.156!As!the!
mass!of!the!cellulose!decreased!over!time!the!change!in!frequency!(Δƒ)!as!a!function!of!
time!(t)!increased,!relating!frequency!changes!directly!to!enzyme!activity!via!Equation!
36.!
∆ f =
Mmax (1− e
− t τ ), t < I
A+ B− A
1+ e
(V50−t )C{ }"
#
$
%
&
'
, t > I
(
)
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.
*
*
!
Equation'36'
The!t!<!I!domain!describes!the!earlyXstage!curve!fit!as!an!exponential!decay!where!
frequency!change!is!primarily!indicative!of!enzyme!binding!to!cellulose.!Mmax!is!the!
maximal!observed!frequency!change!in!Hz,!and!τ!is!the!reciprocal!of!the!enzyme!
binding!rate!measured!in!minutes.!During!the!t!>!I!domain,!∆ƒ!becomes!a!function!of!the!
enzymatic!hydrolysis!of!cellulose,!which!Turon!and!coXworkers!fit!a!BoltzmannX
sigmoidal!expression!containing!fitting!values!A,!B,!and!C.!A2corresponds!to!the!
minimum!frequency!in!the!sigmoidal!curve,!which!is!in!turn!related!to!the!time!period!
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between!binding!and!hydrolysis.!B!is!the!maximal!∆ƒ!value!reached!at!the!end!of!the!
hydrolysis!reaction.!V50!is!the!inflection!point!in!the!plot!of!∆ƒ!vs.!t,!describing!the!time!
at!which!maximal!product!conversion!rate!is!reached.!C!is!considered!as!the!inverse!of!
the!1st!order!hydrolysis!rate!constant.!!
! Turon!et!al.!fit!the!raw!QCM!data!of!endoglucanaseXcatalyzed!cellulose!
hydrolysis!to!Equation!36.!Although!the!fit!was!good,!a!biophysically!meaningful!
interpretation!of!the!fit!parameters!in!terms!of!turnover!number!and!a!Michaelis!
constant!was,!at!best,!only!qualitatively!covered!in!the!study;!this!was!in!part!due!to!an!
inability!to!parse!the!contributions!of!surface!hydration!versus!surface!depolymerization!
in!the!raw!data.!The!potential!utility!of!microgravimetry!for!realXtime!cellulase!
quantitation!is!appealing!and!warrants!further!development.!
3.1.2.2'AFMGimaging'of'cellulase'action'
Direct!imaging!of!cellulase!activity!in!real!time!has!been!accomplished!using!
highXspeed!atomic!force!microscopy!(HSXAFM).196!In!2009,!Igarashi!et!al.!reported!the!
processive!movement!of!T.2reesei!CBH!I!Cel7A!on!crystalline!cellulose!fibers,!and!related!
the!movement!to!the!direct!measurement!of!cellobiohydrolase!activity.197!They!measured!
the!continuous!movement!of!CBH!I!across!a!cellulose!fiber!over!30X60!seconds.!Enzyme!
mutation!experiments!proved!the!cellulase!motion!was!indeed!coupled!to!the!
celliobohydrolase!activity.!!Removal!of!the!nonXcatalytic!CBM!domain!resulted!in!a!
decrease!in!cellulaseXcellulose!binding,!though!the!rate!of!motion!of!the!catalytic!domain!
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(CD)!was!similar!to!the!wildXtype!enzyme.!The!cellulase!movement!ceased!upon!
mutation!of!the!active!site!glutamate!residue!to!catalytically!inactive!glutamine!or!
mutation!of!the!crucial!CD!sugarXbinding!residue!W40!to!alanine.!The!wildXtype!
cellulase!moved!at!an!average!speed!of!4!±!1!nm•sX1,!correlating!to!cellulose!hydrolysis!
rate!constant!of!4!±!1!sX1,!assuming!a!cellobiose!length!of!about!1!nm.197,2198!!
The!imaging!approach!provides!significant!chemical!and!kinetic!insight!into!the!
direct!cellulase!action!on!insoluble!cellulosic!substrates,!but!the!approach!is!limited!to!
processive!cellulases!with!wellXdefined!substrate!sites.!As!such,!the!use!of!HSXAFM!for!
the!study!of!endoglucanases,!which!comprise!the!majority!of!the!cellulosomal!cellulases,!
is!far!less!valuable!than!its!corresponding!use!to!monitor!cellobiohydrolase!kinetics.!!
3.1.2.3'Calorimetric'analysis'of'a'cellulaseGcoupled'enzyme'hydrolysis'
Calorimetric!analysis!of!enzymeXcatalyzed!reaction!rates!is!a!powerful!tool!in!
quantitative!biochemistry.199!As!described!above!(see!2.4.1!CMB3aXcellodextrin!binding!
probed!with!Isothermal!Titration!Calorimetry),!the!ITC!instrument!applies!power!
( dQ dt )!to!maintain!an!isothermal!relationship!between!the!sample!cell!and!a!reference!
cell.!If!the!sample!cell!contains!a!chemical!reaction!with!a!known!reaction!enthalpy,!the!
power!may!be!taken!as!a!direct!measure!of!the!rate!of!the!reaction:!
v = d[P]dt =
dQ
dt •
1
V0∆ Happ
!
Equation'37'
!125!
where! v !is!the!reaction!rate,!P!is!the!reaction!product,!V0!!is!the!cell!volume,!and!∆Happ!is!
the!measured!(or!known)!molar!reaction!enthalpy!in!kcal•molX1.!!
! The!direct!calorimetric!evaluation!of!cellulase!kinetic!parameters!is!not!possible!
due!to!the!inherent!limitations!of!the!instrument.!Williams!and!Toone199!detailed!that!the!
lower!limit!of!kcat!for!an!enzymeXcatalyzed!reaction!with!a!given!∆Happ!and!Km!is!set!by!
the!instrument!sensitivity!such!that!
kcat
Km[E][S]
!
"
#
$
%
&∆ HappV0 >1 µcal • s−1 !
Equation'38.'
CellulaseXcatalyzed!hydrolysis!of!crystalline!cellulose!is!very!slow!(kcat!~0.2!–!40!minX1!for!
CBH!II),167!and!the!glycosidic!bond!hydrolysis!enthalpies!are!small!(~!X0.6!kcal•molX1).!In!
order!to!overcome!the!lower!limit!of!instrument!sensitivity,!Murphy!et!al.!reported!an!
enzymeXcoupled!system!designed!to!enthalpically!amplify!the!cellobiohydrolase!activity!
in!ITC.167!As!shown!in!Scheme!5,!the!principle!product!of!cellobiohdroylase!activity,!
cellobiose,!was!converted!to!DXglucose!by!almond!βXglucosidase!(BG).!Glucose!was!then!
oxidized!using!the!glucose!oxidase!(GOX)!and!catalase!system,!generating!
gluconolactone,!which!hydrolyzed!spontaneously!to!gluconic!acid.!The!GOXXcatalyzed!!
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Scheme'5:'Cellulase'signal'amplification'in'ITC'
oxidation!of!glucose!requires!O2!as!the!terminal!electron!acceptor,!yielding!the!
byproduct!H2O2,!which!is!subsequently!reduced!to!water!by!catalase!to!regenerate!
oxygen.!Given!the!large!reaction!enthalpies!of!glucose!oxidation!and!peroxide!reduction,!
the!enthalpy!of!cellobiohydrolase!activity!was!magnified!to!a!combined!∆Happ!=!X84.8!
kcal•molX1.!However,!the!rate!of!reaction!was!indicative!of!only!cellobiohydrolase!
activity!as!cellulolysis!was!the!rateXlimiting!step.!
O
OH
HO
HO
OH
OH
+ O2 O
O
HO
HO
OH
OH
H2O2+ ∆H = -19.8 kcal•mol-1
D-glucose D-glucono-γ-lactone
2 H2O2 O22 H2O + ∆H = -25.6 kcal•mol-1 !
The!direct!oxidation!of!glucopyranose!initially!yields!gluconolactone,!which!is!a!
potent!inhibitor!of!BG.!Murphy!et!al.!reported!that!BGXinhibition!did!not!appear!to!slow!
the!apparent!reaction!rate;!however,!our!own!initial!studies!indicated!significant!BGX
inhibition.167!Yeast!strain!gluconolactonase!enzymes!could!be!added!to!the!reaction!
mixture!to!overcome!the!gluconolactone!inhibition!of!BG.200L202!
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! Calorimetric!evaluation!of!cellulase!activity!provides!the!opportunity!to!monitor!
cellulose!hydrolysis!in!a!realXtime,!continuous!fashion!against!essentially!any!
lignocellulosic!substrate.!Due!to!the!required!enzymeXcoupled!enhancement!of!
cellulolysis!enthalpy,!the!observed!reaction!rates!are!indicative!of!cellobiose!released!
and!are!only!indirect!measurements!of!cellulose!depolymerization!by!endoglucanases.!
The!direct!measure!of!cellulose!depolymerization!has!not,!to!our!knowledge,!been!
realized!with!ITC.!It!is!likely,!however,!that!endoglucanase!kinetic!profiles!may!be!
deduced!with!proper!mathematical!modeling!of!endoglucanaseXinduced!changes!in!the!
apparent!cellobiohydrolase!activities.!!
3.2 Heterologous expression of chimeric Clostridial cellulases in 
E. coli 
The!GH!family!9!endoglucanase!CelG!and!GH!family!48!cellobiohydrolase!II!
CelF!from!Clostridium2cellulolyticum!were!expressed!in!BL21(DE3)!E.2coli!under!the!T7!
RNA!polymerase/!lac!operon!system!as!described!in!chapter!2.!Expression!plasmids!
pET9Gc,!pET9Gt,!pET48Fc,!and!pET48Ft!were!a!generous!gift!from!Ed!Bayer!at!the!
Wizemann!Institue!in!Rehovot,!Israel!and!HenriXPierre!Fierobe!from!the!University!of!
Marsaille,!France.!The!plasmids!encode!for!two!His6Xfused!wild!type!enzymes!(denoted!
Gc!and!Fc)!that!contain!the!C.!cellulolyticum!dockerin!type!I!domain!and!two!chimeric!
enzymes!(denoted!Gt!and!Ft)!that!contain!an!orthogonal!C.!thermocellum!dockerin!type!
I!domain!and!CXterminal!His6!affinity!tags!(see!section!1.1.3.2!Designer!miniature!
cellulosomes).!!
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Proteins!were!expressed!and!purified!following!modified!literature!procedures!
as!detailed!in!chapter!5.121,2122,2203L205!Our!observations!corroborated!previous!reports!that!
CBH!II!CelF!was!efficiently!expressed!by!induction!with!IPTG!to!a!final!concentration!of!
40!ÑM!at!17!°C!for!17!hours.!CelG,!howevder,!did!not!express!following!induction!with!
10!ÑM!IPTG!as!previously!described.122,2203!We!explored!the!use!of!constitutive!induction!
with!glucoseXsupplemented!lactose!media!(the!soXcalled!“autoXinduction”!protocol206)!at!
25!°C!for!24!hours!and!observed!a!substantial!improvement!in!CelG!expression!as!
determined!by!SDSXPAGE!analysis!of!IMACXpurified!cell!lysates!(Figure!38).!
|________Auto'Induc,on__________|'
_Lad_____IF__CCL__FT___W___E___'
|____[IPTG]='10'µM_______|'
__IF___CCL__FT__W___E___'
10%'Acrylamide'SDSFPAGE;'Coomassie'stain.'Expect'MW'='77'kDa'
75'kDa'
50'kDa'
!
*IF!=!insoluble!cell!fraction;!CCL!=!cleared!crude!lysate;!FT!=!IMAC!flow!through;!W!=!
column!wash!fraction;!E!=!IMAC!elution!with!500!mM!imidazole.!
!
Figure'38:'SDSGPAGE'analysis'of'Cel9Gc'expression'by'autoGinduction'or'with'IPTG'
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Cel48Ft!purified!by!Ni(II)XIMAC!provided!two!elution!bands,!the!latter!of!which!
was!presumed!to!be!a!degradation!product;!autolytic!activity!of!cellulosomal!cellulases!
is!commonly!observed!during!expression!and!purification.!The!parent!protein!fraction!
was!purified!to!homogeneity!via!size!exclusion!chromatography!over!an!S100XHR!
column!(GE!Healthcare),!as!depicted!in!Figure!39.!!
IMAC%purifica-on%Cel48Ft% Lad__A_|_%B___%
A%
B%30%mM%Immidazole%
150%mM%Immidazole%
Size%exclu-on%purifica-on%
Cel48Ft%(IMAC%frac-on%A)%
!
Figure'39:'FPLC'and'SDSGPAGE'traces'of'Cel48Ft'purification'
Cel9Gc!was!isolated!from!the!soluble!cell!lysate!fraction!by!direct!elution!over!a!Ni(II)X
IMAC!column.!The!partially!purified!fraction!was!further!purified!via!anion!exchange!
chromatography!over!the!strong!anion!exchanger!QXsepharose!(Figure!40).!A!minor!
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degradation!product!was!apparent!in!the!elution!fractions.!TimeXdependent!evalution!of!
the!eluent!over!several!days!indicated!significant!accumulation!of!this!byproduct,!
presumably!the!result!of!autolysis.!Gratifyingly,!this!autolysis!was!greatly!slowed!for!
both!types!of!enzymes!via!the!addition!of!the!aspartyl!protease!inhibitor!Pepstatin!A!at!a!
concentration!of!1!Ñg/!mL.!!
Ni(II)&IMAC:&elu.on&to&30&
mM&and&then&150&mM&
Immidazaole&
Q<Sepharose&with&elu.on&
to&300&mM&NaCl&
!
Figure'40:'FPLC'and'SDSGPAGE'traces'of'Cel9Gc'purification'
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3.3 Towards the chemical synthesis of a fluorogenic 
cellohexaoside 
3.3.1 Design and retrosynthesis of a flourogenic cellohexaoside 
Glycan!hydrolases!are!commonly!assayed!continually!using!pXnitrophenyl!
glycosides!or!similar!chromophoric!glycosides.!Upon!aglycone!hydrolysis,!pX
nitrophenoxide!(pNP)!is!released!and!enzyme!activity!is!related!to!increasing!absorbance!
over!time.!Cellulases,!however,!do!not!readily!hydrolyze!the!aglycone!unit!from!pNPX
oligosaccharides;!rather,!the!internal!glycosidic!bonds!are!cleaved,!and!no!detectable!
pNP!is!realeased.!The!potential!of!fluorescence!quenching!to!measure!cellulase!activity!
on!native,!polymeric!cellulosic!substrates!in!vitro!and!in!vivo!has!been!realized!by!
Driquez!et!al.,207,2208!who!made!cellodextrinXbased!fluorogenic!probes!of!cellulase!activity!
that!are!compatible!with!both!the!major!classes!of!exocellulases!(cellobiohydrolase!I!and!
II)!and!endocellulases.!As!described!by!Driguez!et!al.,!the!cellohexaose!core!of!1'(Figure!
41)!increases!substrate!availability!to!all!major!types!of!cellulases,!including!processive!
endocellulases!such!as!Clostridium!cellulolyticum!Cel9G.!By!incorporating!the!fluorophore!!
5X[(2Xaminoethyl)amino]naphthaleneX1Xsulfonic!acid!(EDANS)!and!florescence!quencher!
4X[4X(dimethylamino)phenylazo]benzoic!acid!(DABCYL)!in!close!proximity!on!the!ends!
of!the!cellohexaose!core,!Förster!resonance!energy!transfer!(FRET)!is!observed,!causing!
minimal!detectable!florescence!emission!from!EDANS.!Upon!cellulaseXcatalyzed!
hydrolysis!of!the!saccharide!core,!the!FRET!pairs!separate,!and!EDANS!emission!is!
related!to!enzyme!activity!in!real!time.!
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Figure'41:'Design'of'fluorogenic'cellohexaoside'1'
Although!substrates!like!1'are!effective!as!realXtime,!sensitive,!universal!probes!of!
cellulose!activity,!the!field!has!been!reluctant!to!adopt!these!substrates!in!cellulase!
assays,!presumably!due!to!the!poor!availability!of!these!probes.!Previous!syntheses!of!
fluorogenic!probes!detailed!a!chemoenzymatic!route,!highlighted!by!the!coupling!of!
glucosyl!fluoride!donors!to!underivatized!cellobioside!acceptors!using!mutant!cellulase!
catalyst!Cel7a!E197A!from!Humicola2insolens.207,2208!To!provide!a!more!accessible!route!to!
1,!we!developed!a!de2novo!chemical!synthesis!via!the!key!disaccharide!building!block!2.!
This!key!intermediate!was!easily!prepared!on!a!multiXgram!scale!from!commercial!
starting!materials!in!either!eight!steps!from!glucose!pentaacetate!or!in!three!steps!from!
thiophenyl!heptaacetylXβXDXcellobioside.!Disaccharide!2!was!efficiently!oligomerized!in!
a!stepXwise!fashion!to!form!the!differentially!protected!hexasaccharide!with!
orthogonally!reactive!handles!at!opposite!termini.!Finally,!the!lateXstage,!siteXspecific!
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incorporation!of!the!FRETXpaired!dyes!at!these!handles!allows!for!the!incorporation!of!
fluorophore!and!quencher!molecules.!
3.3.2 Two-pronged approach to synthesize crucial disaccharide 
building block 2 
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a) PhSH, BF3•Et2O, CH2Cl2, 0°C-->rt, 88% yield; b) cat. NaOCH3, CH3OH; c) TMSCl, pyridine, 98% yield over two 
steps; d) Cu(OTf)2,CH2Cl2, CH3CN, PhCHO, 0°C-->rt, then Et3SiH, 0°C, then TBAF, THF, NaHCO3, rt, 85% yield; e) 
PivCl, DMAP, Et3N, CH2Cl2, 0°C-->rt, 97% yield; f) NaCNBH3, HCl,4ÅMS,  dioxane, THF, 0°C-->rt, 92% yield; g) Ac2O, 
DMAP, Et3N, CH2Cl2, rt, 100% yield; h) mCPBA, CH2Cl2, -10°C, 98% yield; i) DTBMP, Tf2O, 4ÅMS, CH2Cl2, -78°C--> -
60°C, then 5, -60°C--> -35°C, 61% yield. !
Scheme'6:'Synthesis'of'disaccharide'building'block'2'
CommerciallyXavailable!βXDXglucose!pentaacetate!(3)!was!converted!to!the!
thiophenyl!glycoside!in!the!presence!of!the!Lewis!acid!catalyst!BF3•Et2O!and!
recrystallized!as!the!β!diasteriomer!in!88%!yield.*!The!acetate!functional!groups!were!
removed!via!Zemplen!deXacetylation!and!the!crystalline!product!was!silylated!with!
TMSCl!in!pyridine!to!yield!persilylated!thiophenyl!glycoside!4!in!a!98%!yield!(two!
steps).!In!a!key!singleXpot!transformation,!4'was!elaborated!into!the!regioselectively!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
*!Interestingly,!no!reaction!was!observed!with!the!αXacetate!was!used!(results!not!shown).!
!134!
protected!4,6X0XbenzylideneX3XOXbenzylX2XhydroxyXβXthiophenylglycoside!5!in!85%!yield!
(72%!crystalline!yield)!using!a!slight!modification!to!the!copper(II)!
trifluormethanesulfonate!method!of!Beau!and!coXworkers.209 5!was!pivaloylated!with!
trimethylacetyl!chloride!in!the!presence!of!stoichiometric!DMAP,!and!a!subsequent!
regioselective!reductive!opening!of!the!4,6XOXbenzylidene!acetal!with!NaCNBH3!and!dry!
HCl!yielded!C4Xhydroxy!nucleophile!6!in!92%!yield.!Thus,!the!C4XOH!nucleophile!
required!to!create!the!(1→4)!glycosidic!bond!and!the!C2XOXpivaloyl!participatory!group!
that!generates!the!1,2Xtrans!geometry!(β)!of!the!glycosidic!linkage!were!instilled!in!a!
regioselective!manner!in!high!yield!over!just!three!steps.!!
Given!the!unsatisfactory!glycosylation!yields!obtained!with!unreactive!glycosyl!
fluoride!and!glycosyl!trichloroacetimidate!(35%!yield)!donors,!we!investigated!the!
sulfoxide!activation!strategy!of!Kahne!and!coXworkers.210!6!was!converted!to!the!
sulfoxide!glycosyl!donor!7!upon!quantitative!acetylation!and!subsequent!oxidation!with!
mCPBA!in!sufficient!purity!for!glycosylation!reactions!after!a!simple!aqueous!workup.!
The!chemoselective!activation!of!the!glycosyl!sulfoxide!7!in!the!presence!of!the!
thiophenyl!glycoside!acceptor!6!provided!disaccharide!2!in!61%!isolated!yield.!
Although!disaccharide!2!was!readily!synthesized!in!a!total!yield!of!39%!over!9!
steps!encompassing!only!2!column!purifications,!the!total!yield!with!respect!to!
saccharide!carbon!input!was!a!disappointing!9.7%!yield.!The!loss!in!valuable!saccharide!
carbon!is!primarily!due!to!the!unXrecoverable!donor,!which!was!used!in!excess!during!
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the!glycoside!coupling!reaction.!We!thus!explored!an!alternative!synthesis!of!2!
beginning!from!cellobiose.!Thiophenyl!heptaacetylXβXDXcellobioside,!which!is!both!
commercially!available!(Abacipharm!Corporation;!Columbia,!MD,!USA)!and!readily!
synthesized!via!known!procedures,211!was!chosen!as!an!appropriate!alternative!starting!
point.!!
The!shortened!synthetic!route!to!the!intermediate!disaccharide!11!and!further!
elaboration!into!the!desired!hexasaccharide!cellulose!substrate!is!outlined!in!Scheme!7.!
Thiophenyl!helptaacetylXβXDXcellobioside!was!subjected!to!Zemplen!deXacetylation,!and!
the!crude!material!was!directly!silylated!with!TMSCl!to!yield!thiophenyl!persilylX
cellobioside!8.!The!copperXcatalyzed!reductive!benzylation!of!8!yielded!C2,C2’Xdiol!9!in!
40%!isolated!yield.!Initial!attempts!to!pivaloylate!9!using!PivCl!and!DMAP!with!Et3N!
were!unsatisfactory,!do!to!the!accumulation!of!a!poorlyXreactive!monoXpivaloyl!
intermediate.!An!alternate!method212!using!catalytic!scandium(III)!
trifluoromethanesulfonate!and!excess!pivalic!anhydride!cleanly!produced!the!desired!
diXpivaloyl!product!10!in!80%!yield!in!only!2!hours!at!0°C.!A!subsequent!reductive!
opening!of!the!4’,6’XOXbenzylidene!acetal!with!sodium!cyanoborohydride!and!dry!HCl!
yielded!disaccharide!alcohol!11!in!90%!yield.!!
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!
Scheme'7:'Synthesis'of'cellohexaoside'1'
3.3.3 Synthesis of cellohexaoside 21 
An!orthogonal!block!strategy!to!obtain!the!larger!tetraX!and!hexasaccharide!
intermediates!from!the!common!disaccharide!building!block!11!is!outlined!in!Scheme!7.!
Acetylation!of!11!as!described!for!compound!6a!afforded!compound!2!in!quantitative!
yield.!mCPBA!oxidation!of!2!afforded!disaccharide!donor!12!as!a!mixture!of!sulfoxide!
diastereomers.!The!donor!mixture!was!activated!with!triflic!anhydride!and!coupled!to!
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glycosyl!acceptor!11!as!for!2!(Scheme!6)!to!yield!tetrasaccharide!13'in!60—65%!yield!with!
~20X30%!yield!of!the!unwanted!aglycone!transfer!sideXreaction!to!regenerate!compound!
2.!A!chemoselective!solvolysis!of!the!C4’!acetoxy!group!of!13'using!catalytic!methoxide!
in!a!guanidineXbuffered!ethanol/dichloromethane!mixture!(7:1)!yielded!tetrasaccharide!
acceptor!14!in!nearly!quantitative!yield.!!
A!carboxymethyl!handle!for!lateXstage!incorporation!of!the!EDANS!dye!onto!the!
hexasaccharide!core!was!introduced!by!way!of!the!disaccharide!donor!16.!16!was!
synthesized!via!an!initial!OXalkylation!of!alcohol!11!with!sodium!hydride!and!ethyl!
bromoacetate!to!form!compound!15!and!subsequent!oxidation!of!15!to!yield!16!as!a!
mixture!of!sulfoxide!diastereomers!in!80%!yield!over!two!steps.!The!hexasaccharide!core!
was!synthesized!via!triflic!anhydride!activation!of!16!and!coupled!to!glycosyl!acceptor!
14!to!yield!hexassaccharide!17!in!moderate!yield!(45—55%).!!
The!absolute!configurations!of!the!βX1,4!glycosidic!linkages!in!oligosaccharides!2,!
13,!and!17!were!confirmed!by!high!resolution!1HXNMR!using!3Xbond!couplings!of!the!
anomeric!protons!(JH1XH2!=!8X11!Hz,!!800!MHz;!experimental!chapter!5).!Anomeric!protons!
were!assigned!using!2D!correlation!experiments:!(1H/1H)COSY!for!disaccharide!2!and!
(1H/13C)HMQC!for!oligosaccharides!13!and!17!(see!chapter!5!and!Appendix!B).!
Numerous!attempts!to!elaborate!thiophenyl!cellohexaoside!17!into!the!azido!
glycosyl!ether!21!using!NIS/!AgOTf,!NIS/!TMSOTf,!NIS/!BF3•Et2O,!or!IDCP!failed!to!
produce!any!reaction.!The!use!of!activated!iodine!reagents!such!as!ICl!or!I2/!AgOTf!gave!
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better!results,!although!isolated!yields!remained!low!(21,!30%).!Due!to!the!poor!
reactivity!of!the!thiophenyl!glycoside!with!iodonium!reagents!the!BSP/!Tf2O!and!Tf2O/!
glycosyl!sulfoxide!methods!were!explored.!Though!these!promoters!efficiently!activated!
the!thiophenyl!aglycone,!the!intermediate!glycosyl!triflates!were!likely!unstable!at!the!
higher!temperatures!(>!X30°C)!needed!to!dissolve!the!hexasaccharide,!and!the!formation!
of!a!highly!stable!ortho!ester!product!precluded!the!formation!of!the!desired!azido!
glycosyl!ether,!even!after!addition!of!stoichiometric!TMSOTf.!!
Attempts!to!elaborate!disaccharide!11!into!the!azido!glycosyl!ether!18!proved!
effective!with!NIS/!AgOTf!at!room!temperature!(70X90%!yields);!thus,!the!disaccharide!
building!block!18!was!used!to!produce!the!desired!hexasaccharide!intermediate'21.'18!
was!coupled!to!thiophenyl!glycoside!donor!2!with!NIS!and!AgOTf!to!form!
tetrasaccharide!intermediate!19,!which!was!deXacetylated!with!guanidineXbuffered!
ethoxide!to!yield!tetrasaccharide!alcohol!20.!20!was!coupled'to!thiophenyl!glycoside!
donor!2!using!the!NIS/AgOTf!method!as!described!above!for!the!formation!of!
compounds!18!and!19!(Scheme!7).!
3.3.4 Future efforts towards the synthesis of cellohexaoside 1 
Protected!hexasaccharide!21!will!be!globally!deXprotected!using!standard!
techniques!to!afford!compound!22!over!a!two!step!sequence.!An!NHSXactivated!
DABCYL!molecule!will!be!ligated!to!the!amino!terminus!of!22!and,!subsequently,!an!
amineXterminated!EDANS!dye!will!be!incorporated!at!the!carboxy!terminus!of!22!using!
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EDC/coupling!conditions!in!aqueous!milieu!to!generate!the!desired!cellulase!substrate!1!
in!a!single!pot.!The!full!conversion!of!commercially!available!thiophenyl!heptaacetylXβX
DXcellobioside!to!1!is!projected!to!be!completed!in!13!steps!total.!
3.4 Conclusions 
The!kinetic!characterization!of!cellulases!requires!robust!and!reliable!assays!to!
quantify!functional!cellulase!content!of!from!recombinant!enzyme!preparations.!The!
stateXofXthe!art!for!discontinuous!analysis!of!cellulase!activity!include!reducing!sugar!
chromogenic!assays!and!HPLC!methods.!These!methods!are!time!consuming!and!not!
capable!of!assaying!cellulase!function!in!real!time.!Continuous!cellulase!assays!include!
microgravimetry,!highXspeed!AFM,!and!microcalorimetry.!Though!these!methods!are!
capable!of!real!time!and,!at!times,!direct!observation!of!cellulase!activity,!they!are!not!
suitabley!highXthroughput!for!routine!cellulase!assays.!
The!design!and!synthesis!of!a!cellohexaoside!FRETXbased!probe!for!realXtime!
quantitation!of!cellulase!activity!with!flouresence!spectrometry!was!proposed.!The!
flouorogenic!cellohexaoside!probe!is!nearly!identical!to!one!was!previously!reported!by!
Driguez!and!coXworkers.208!The!chemoXenzymatic!synthesis!presented!by!Driguez!en!
route!to!the!waterXsoluble!flourogenic!cellohexaoside!included!14!steps!from!a!known!
synthetic!intermediate!(hexaacetyl!lactose).!The!chemoXenzymatic!route!highlighted!the!
use!of!a!nonXcommercial,!mutant!cellulase!catalyst!to!create!the!key!glycosidic!linkages!
in!the!reaction!of!glycosyl!fluoride!donors!with!unXprotected!acceptors.!Unfortunately,!
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no!reports!have!surfaced!from!other!laboratories!that!have!used!this!synthesis!to!prepare!
cellulase!activity!probes.!We!hypothesized!that!an!equally!concise,!but!fully!chemical!
synthesis!of!the!cellohexaoside!might!provide!a!more!scalable!and!general!method!to!
enable!the!wideXspread!production!of!the!fluorogenic!cellohexaoside.!!
Here,!a!fully!chemical!synthesis!of!cellohexoaside!1!in!13!steps!was!presented.!
Two!routes!to!synthesize!a!key!thiophenyl!glycoside!building!block!2!were!presented,!
with!the!more!concise!route!providing!the!disaccharide!in!4!steps!from!a!commercial!
starting!material.!The!disaccharide!was!coupled!in!an!iterative!fashion!to!glycosyl!
sulfoxide!donors!under!the!chemoselective!activation!conditions!of!Kahne!and!coX
workers.!However,!the!poor!reactivity!of!the!thiophenyl!cellohexaoside!17!precluded!the!
elaboration!of!17!with!dyeXreactive!functional!groups!on!the!hexasaccharide!core.!Thus,!
an!alternate!route!was!created!in!which!the!dyeXreactive!handles!were!originally!
incorporated!into!the!disaccharide!building!blocks!prior!to!the!production!of!the!
cellohexaoside.!The!disaccharide!blocks!were!activated!with!electrophilic!iodonium!
(NIS/AgOTf)!to!yield!the!cellohexaoside!21.!Elaboration!of!cellohexaoside!21!into!the!
underivatized!FRETXpaired!hexasaccharide!1!and!its!subsequent!use!in!cellulase!activity!
assays!is!a!continued!goal!of!this!work.!!
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4. Enthalpic signature of methonium desolvation 
revealed using a synthetic host-guest system based on 
cucurbit[7]uril.213, 214†  
Trimethylammonium!(RXN+Me3;!methonium)!is!an!amphiphilic!cation!broadly!
distributed!in!biology,!playing!roles!in!processes!as!diverse!as!neurotransmission!and!
lipid!bilayer!formation.!MethoniumXbinding!proteins!often!include!binding!sites!that!
segregate!the!positively!charged!quaternary!ammonium!ion!from!bulk!water.215L219!
Although!many!metalXbinding!proteins!sequester!inorganic!cations!using!electronXrich!
residues!such!as!histidine!or!ionized!organic!acids!such!as!aspartate!and!glutamate,220,2221!
binding!sites!that!accommodate!methonium!typically!lack!anionic!moieties!capable!of!
forming!strong!electrostatic!interactions.216L219,2222!Rather,!the!most!prevalent!structural!
motif!observed!in!methonium!binding!sites!of!proteins!is!an!aromatic!cage!that!forms!
cationXπ!interactions!with!the!ligand.223!
The!means!by!which!proteins!bind!methonium!with!a!net!favorable!free!energy!
is!unclear.!CationXπ!interactions!are!weak:!calculated!and!experimental!values!for!the!
gasXphase!interaction!energy!between!tetramethylammonium!(TMA+)!–!a!surrogate!for!
methonium!in!many!biophysical!studies!–!and!benzene!range!from!–4!to!–9!kcal•molX
1.224L227!In!contrast!to!these!modest!values,!the!measured!desolvation!free!energy!of!TMA+!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
†!Work!presented!in!this!chapter!was!performed!in!collaboration!with!Drs.!Yi!Wang,!Pan!Wu,!and!David!
Beratan!and!reprinted!with!permission!from!{213.!Wang,!Y.,!King,!J.!R.,!Wu,!P.,!Pelzman,!D.!L.,!Beratan,!D.!
N.,!and!Toone,!E.!J.!(2013)!Enthalpic!signature!of!methonium!desolvation!revealed!in!a!synthetic!hostXguest!
system!based!on!cucurbit[7]uril,!J2Am2Chem2Soc!135,!6084X6091.}.!Copyright!{2013}.!
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is!+38.3!kcal•molX1,!dominated!by!a!large!unfavorable!desolvation!enthalpy!of!+49.3!
kcal•molX1!at!298!K228,2229!suggesting!that!the!transfer!of!methonium!from!water!to!a!
hydrophobic!binding!pocket!should!produce!large!unfavorable!enthalpic!and!free!
energetic!contributions!to!binding.!Even!with!four!aromatic!residues,!the!maximum!
number!of!aromatic!rings!geometrically!capable!of!forming!direct!contact!with!
methonium,230!the!energy!available!from!cationXπ!interactions!is!too!small!to!offset!the!
+49.3!kcal•molX1!enthalpic!cost!of!methonium!desolvation.!
In!contrast!to!gas!phaseXaqueous!transfer!thermodynamic!parameters!for!TMA+,!
a!number!of!recent!biophysical!studies!suggest!that!both!free!TMA+!and!methonium!
may!be!only!weakly!solvated.231,2232!Hulme!and!coworkers!studied!the!hydration!of!
acetylcholine!and!observed!a!water!structure!that!precludes!significant!chargeXdipole!
interaction!between!water!and!the!methonium!group.233!Rather,!charge!transfer!to!the!
methyl!hydrogen!atoms!produces!a!large,!diffuse!charged!species!that!interacts!only!
weakly!with!water.234,2235!Further,!sites!designed!to!accommodate!methonium!are!unable!
to!accommodate!similarly!sized!inorganic!cations.!!Thus,!for!example,!acetylcholine!
esterase!crystals!soaked!in!CsCl!show!no!evidence!of!Cs+!occupancy!in!the!binding!
pocket,236!despite!the!fact!that!Cs+!and!TMA+!have!similar!sizes237!and!similar!gas!phaseX
water!transfer!thermodynamics.228,2229!Rather,!the!authors!suggested!that!weak!
methonium!solvation!relative!to!inorganic!cations!may!facilitate!desolvation!and!
binding!of!methonium!in!a!hydrophobic!binding!site.!!
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Despite!compelling!structural!evidence!from!neutron!scattering!studies!that!
methonium!may!in!fact!be!only!loosely!bound!to!water,233!thermodynamic!evidence!for!
such!weak!interactions!is!absent.!Simple!binding!studies!of!TMA+!and!acetylcholine!
binding!to!proteins!or!synthetic!hosts!yield!only!aggregate!binding!thermodynamic!data!
that!contain!contributions!from!both!desolvation!and!soluteXsolute!interactions!of!the!
entire!ligand!with!the!host.!These!data!are!of!limited!use!for!quantifying!the!
thermodynamic!consequences!of!desolvating!individual!functional!groups,!as!pointed!
out!by!Diederich!and!others.235,2238L240!!
4.1 Isolating methonium desolvation thermodynamics by 
synthetic design 
Two!major!tasks!are!required!to!quantify!the!thermodynamic!consequence!of!
methonium!group!desolvation!upon!encapsulation!in!a!simple!molecular!cavity:!1)!
effectively!separate!the!methoniumXhost!binding!thermodynamics!from!the!
contributions!of!the!rest!of!the!ligand;!2)!determine!the!thermodynamics!of!soluteXsolute!
interactions!separately!from!the!desolvation!effects.241,2242!To!achieve!the!first!goal,!we!
devised!an!experimental!system!comprising!a!synthetic!host,!namely!cucurbit[7]uril!
(CB[7],!Figure!42a),!and!a!series!of!guests!in!which!the!structure!of!the!bound!complex!
and,!consequently,!the!extent!of!ligand!desolvation!can!be!systematically!altered!by!
synthetic!design.!CB[7],!a!model!receptor!for!proteinXligand!complexes,!sequesters!
methonium!from!aqueous!solvent!in!a!rigid,!deep!hydrophobic!cavity.235,2241,2243L245!!
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Figure'42:'Molecular'system'to'study'methonium'(green'ball)'desolvation.'a)'
Cucurbit[7]uril'structure;'b)'Ligand'design'containing'anchor'group'(blue'oval),'
variable'length'alkyl'tether'(yellow'rectangle)'and'methonium;'c)'CB[7]:'ligand'
complex'
!
The!value!of!CB[7]!for!probing!desolvation!has!been!detailed!by!Mock!and!others.246L250!
In!our!approach!here,!we!use!two!ligand!series!(Figure!42b):!(i)!a!reference!series!of!2X
(hydroxymethyl)X2X(alkylamino)propaneX1,3Xdiols!(1,)!and!(ii)!a!test!series!2X((1,3X
dihydroxyX2X(hydroxymethyl)propanX2Xyl)amino)XN,N,NXtrimethylalkaminium!
bromides!(2).213,2214!Ligand!series!2,!comprising!an!anchor!(Tris),!a!variable!length!tether!
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(linear!alkyl!chain),!and!methonium,!are!bound!to!the!host!through!the!central!cavity!as!
depicted!in!Figure!42c.!With!a!tether!of!sufficient!length,!steric!effects!preclude!
sequestration!of!the!methonium!group!within!the!cavity,!but!rather!leave!the!charged!
organic!cation!outside!of!the!CB[7]!cavity!and!at!least!partially!solvated.!!
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Figure'43:'Thermodynamic'cycle'showing'the'isolation'of'methonium'binding'
thermodynamics'(∆∆ JAm )'
Introducing!the!anchor!group!locks!the!entire!ligand!with!respect!to!the!host,!and!
systematic!shortening!of!the!tether!gradually!repositions!the!methonium!group!from!
water!to!the!host!interior,!desolvating!the!epitope!(Figure!43).246,2250L252!We!conducted!
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thermodynamic!analysis!of!CB[7]•2!binding!using!isothermal!titration!microcalorimetry!
(ITC).!!
Following!the!additivity!principle!of!Jencks!and!Page,253,2254!binding!
thermodynamic!parameters!as!a!function!of!linker!length!yield!a!thermodynamic!
difference!(∆∆ J ,!where!J!=!G,!H,!S,!Cp)!where!∆∆ Jb !is!composed!of!two!terms:!a!term!
attributable!to!linker!variation!(∆∆ Jb,linker ),!and!a!term!attributable!to!variation!in!the!
positioning!of!the!terminal!group,!in!this!case!methonium!(∆∆ Jb,Am ).!As!the!anchor!
moiety!locks!all!ligands!in!a!similar!geometry!when!bound!to!the!host,!∆∆ Jb,Am can!be!
extracted!by!comparison!of!ligand!series!2!with!a!reference!series!of!methylXterminated!
ligands.!Lacking!the!terminal!methonium!group,!∆∆ Jb !across!the!reference!series!
essentially!arises!completely!from!∆∆ Jb,linker .!Thermodynamic!analysis!of!ligand!series!1!
binding!to!CB[7]!thus!facilitates!determination!of!the!net!energetic!consequences!of!
partitioning!methonium!between!water!and!the!nonXpolar!cavity!of!CB[7]!(∆∆ Jb,Am ),!a!
feat!unachievable!with!homobifunctional!ligands!such!as!the!bisammonium!alkanes!
used!by!Mock!and!Shih.246!
Currently!available!approaches!to!the!second!challenge—separation!of!soluteX
solute!from!soluteXsolvent!binding!thermodynamics—typically!involve!in2silico!
estimation!of!the!soluteXsolute!interaction!free!energies!and!enthalpies,!discounting!
soluteXsolvent!interactions.255,2256!Thermodynamic!analyses!of!various!methoniumX
binding!proteins!suggest!that!binding!free!energies!are!dominated!by!the!enthalpic!
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component.215,2217,2223!Therefore,!as!an!initial!step!towards!quantifying!methonium!
desolvation!thermodynamic!parameters,!we!used!MD!simulations!to!calculate!the!net!
change!in!methoniumXCB[7]!interaction!enthalpy!upon!the!incremental!internalization!of!
methonium!(∆∆ H int,Am ).!Combining!∆∆ H int,Am !with!∆∆ Hb,Am !obtained!from!ITC!
experiments,!we!estimate!the!enthalpic!signature!of!methonium!desolvation!upon!
binding:!
∆∆ Hdesolv,Am =∆∆ Hb,Am −∆∆ H int,Am !
Equation'39'
We!report!the!result!of!combined!experimental!and!computational!study!here.!
Our!results!thow!that!the!methonium!group!is!only!weakly!solvated,!incurring!a!smaller!
enthalpic!penalty!for!desolvation!than!those!derived!from!gasXphase!studies!of!TMA+,!a!
finding!consistent!with!the!suggestion!of!Hulme!and!coXworkers.233!Our!results!also!offer!
a!cautionary!prescription!for!using!standard!desolvation!thermodynamic!parameters!
based!on!free!homologues!to!describe!the!behavior!of!tethered!functional!groups,!and!
sheds!light!on!the!biophysical!nature!of!cholineXbinding!proteins!and!the!energy!
landscape!of!epitope!desolvation.!
4.2 Thermodynamic model 
We!utilized!a!twoXpronged!approach!to!make!an!estimate!of!the!desolvation!
enthalpy!of!methonium:!1)!we!separate!the!net!thermodynamic!effect!of!methonium!
encapsulation!in!the!CB[7]!cavity!from!the!rest!of!the!ligand!matter;!2)!we!calculate!the!
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change!in!methoniumXCB[7]!interaction!enthalpy!in!order!to!back!out!the!solvation!
terms!from!experimental!ITC!results.!Our!strategy!for!the!first!step!follows!from!the!
anchor!principle!of!group!additivity,257,2258!and!the!linear!free!energy!relationship!theory!
of!Schneider!for!synthetic!hostXguest!complexes,259!which!postulates!that!contributions!to!
the!binding!thermodynamic!parameters!(∆ Jb ,!J!=!G,!H,!S,!Cp)!from!the!anchor,!the!
linker!and!the!methonium!group!are!additive.!Our!thermodynamic!models!are!
described!briefly!here;!a!more!detailed!derivation!is!provided!in!the!Supporting!
Information.!Our!model!is!illustrated!in!Figure!43,!which!shows!that!the!binding!of!
ligand!series!2!to!CB[7]!can!be!effectively!transformed!into!the!binding!of!methonium!to!
a!preXdesolvated!CB[7]!cavity.260!
The!CB[7]•1!complexes!were!used!to!quantify!the!thermodynamic!contribution!
of!a!methylene!group,!∆ JCH2 ,!to!the!overall!binding!thermodynamics.!We!applied!a!
linear!approximation!by!partitioning!binding!thermodynamic!parameters!as!functions!of!
the!number!of!methylene!groups!in!the!linker!(N):!
∆ JbCB[7]•1 = N∆ JCH2 +∆ J0 '
Equation'40'
where!∆ JCH2 !is!the!thermodynamic!effect!per!methylene!group!in!the!alkyl!linker!and!
can!be!determined!numerically!by!data!fitting.!
We!next!define!the!difference!in!binding!thermodynamics!(∆∆ Jb6→N )!between!
ligands!2aGc'with!a!linker!of!three!to!five!methylene!groups!(∆ JbCB[7]•2a−c )!and!the!
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reference!ligand!2d!which!contains!a!six!methylene!linker!(∆ JbCB[7]•2d ),!defining!the!
CB[7]•2d!complex!as!the!reference!state.!Since!the!Tris!anchor!fixes!the!rest!of!the!
complex!at!a!constant!position,!∆∆ Jb6→N !contains!contributions!from!the!change!in!
linker!length,! (N − 6)∆ JCH2 ,!as!well!as!a!contribution!associated!with!repositioning!the!
methonium!group!from!its!equilibrium!position!in!the!CB[7]•2d!complex!to!the!
corresponding!position!in!the!CB[7]•2aGc!complexes!(∆∆ Jb,Am6→N ,!previously!denoted!as!
∆∆ Jb,Am ):!!
∆∆ Jb,Am6→N =∆∆ Jb6→N − (N − 6)∆ JCH2 !
Equation'41  
∆∆ Jb,Am6→N !consists!of!a!desolvation!term!(∆∆ Jdesolv,Am6→N )!and!terms!representing!
contributions!from!intrinsic!interactions!(∆∆ Jint,Am6→N ):!
∆∆ Jb,Am6→N =∆∆ Jint,Am6→N +∆∆ Jdesolv,Am6→N !
Equation'42'
In!this!study,!∆∆ H int,Am6→N !(previously!denoted!as!∆∆ H int,Am )!was!calculated!via!
MD!simulation!based!on!Equation!63!of!Appendix!C.!Therefore,!by!experimentally!
determining!∆∆ H int,Am6→N !via!ITC,!we!can!estimate!∆∆ Hdesolv,Am6→N ,!that!is!the!net2enthalpy2
change!for!the!incremental!desolvation!of!methonium.!Standard!deviations!of!all!terms!
were!calculated!by!the!propagation!of!experimental!standard!deviations.!
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4.3 Structural validation of the CB[7]•1 and CB[7]•2 systems 
To!implement!our!strategy!of!controllable!internalization,!we!require!an!anchor!
moiety!that!cannot!enter!the!central!pore!of!CB[7],!but!that!requires!insertion!of!the!
linker!and!terminal!epitope!of!the!guest!within!the!cavity.!CB[7]!perturbs!the!chemical!
shifts!of!bound!protons,!a!wellXestablished!phenomenon,!and!provides!a!direct!
correlation!between!the!1HXNMR!complexation!induced!chemical!shift!(∆δ)!and!the!
degree!of!internaliztion!of!these!protons!within!CB[7].243,2245,2261,2262!A!combination!of!1HX
NMR!structural!data!and!synthetic!feasibility!constraints!supported!the!use!of!Tris!as!the!
anchor!group.214!The!free!and!bound!1HXNMR!spectra!of!1aGe!and!2aGd'are!shown!in!
Figure!44X!Figure!52.!The!hydroxymethyl!protons!of!ligands!2aGd!show!a!consistent!
downXfield!shift!(∆δ =!0.21±0.03!ppm)!upon!binding,!consistent!with!placement!of!the!
anchor!group!outside!of!the!cavity!in!a!constant!position!across!the!ligand!series!(Table!7!
and!Figure!54).!The!observed!NMR!shifts!are!in!good!agreement!with!those!reported!by!
Zhao!and!colleagues!for!alkylimidazolium!ligands.251!On!the!other!hand,!methonium!
protons!undergo!an!increasing!upfield!shift!as!the!alkyl!linker!is!shortened,!confirming!
that!the!locked!position!of!the!Tris!anchor!“pulls”!the!XXgroup!into!the!cavity.!
Hydroxymethyl!protons!in!the!CB[7]•1bGe!complexes!consistently!shift!downXfield!upon!
binding!in!a!fashion!similar!to!those!of!the!CB[7]•2!complexes!(Table!7!and!Figure!54),!
highlighting!again!the!powerful!ability!of!the!Tris!anchor!group!to!define!the!positions!!
!
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!
Figure'44:'CB[7]•1a'1H3NMR'
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!
Figure'45:'CB[7]•1b'1H3NMR
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!
Figure'46:'CB[7]•1c'1H3NMR'
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!
Figure'47:'CB[7]•1d'1H3NMR'
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!
Figure'48:'CB[7]•1e'1H3NMR'
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!
Figure'49:'CB[7]•2a'1H3NMR'
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!
Figure'50:'CB[7]•2b'1H3NMR
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!
Figure'51:'CB[7]•2c'1H3NMR'
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!
Figure'52:'CB[7]•2d'1H3NMR'
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of!guests!within!the!host.!Ligand!1a!binds!CB[7]!in!a!structurally!distinct!fashion!from!
the!other!members!of!the!series!with!the!Tris!anchor!encapsulated!(Figure!44)!and!was!
removed!from!the!study.!
!
Figure'53:'DFT'structures'of'CB[7]•ligand'complexes'
To!further!verify!the!complex!structures!of!our!design,!we!computed!energy!
minimized!structures!of!the!CB[7]•2a3d!and!CB[7]•1b3e!complexes!using!QM/MM!
simulations!with!explicit!solvent!(Figure!53).!The!axis!of!rotational!symmetry!of!CB[7]!
defines!the!ZSaxis,!and!the!seven!lower!portal!oxygen!atoms!were!placed!at!Z=0!Å.!The!
computed!offsets!of!N1!(Tris)!and!N2!(methonium,!2a3d)!along!the!ZSaxis!are!shown!in!
Table!7.!N1!in!all!complexes!is!located!above!the!upper!portal!of!the!CB[7]!host!with!
minimal!ZSaxis!variation,!in!contrast!to!a!significant!change!of!N2!along!the!ZSaxis!
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across!the!series!2d!to!2a.!The!trends!of!the!N1!and!N2!ZSoffsets!agree!well!with!
chemical!shift!trends!for!TrisSmethylene!and!methonium!protons!(Table!7).!!
Table'7:'1H3NMR'chemical'shift'changes'and'DFT3calculated'positions'of'Tris'
and'methonium'groups.'
' ∆δ '(Tris)'ppm' Z'(N1)'Å' ∆δ '(X*)'ppm' Z'(N2)'Å'
CB[7]•1a' 0.06! N/D! S0.24! !
CB[7]•1b' 0.25! 6.2! S0.61! !
CB[7]•1c' 0.29! 6.3! N/A! !
CB[7]•1d' 0.29! 6.3! S0.73! !
CB[7]•1e' 0.28! 6.7! S0.65! !
CB[7]•2a' 0.19! 6.1! S0.77! 1.4!
CB[7]•2b' 0.25! 6.2! S0.55! 0.9!
CB[7]•2c' 0.22! 6.6! S0.18! S0.6!
CB[7]•2d' 0.20! 6.4! S0.04! S1.0!
*X!indicates!the!terminal!methyl!and!methonium!group!protons.!ND:!not!determined!as!
ligand!1a!binds!in!a!unique!fashion!to!the!host.!N/A:!not!applicable!due!to!intermediate!
exchange!kinetics!on!the!NMR!time!scale.!!
!
We!attribute!the!anchoring!ability!of!Tris!to!the!hydrophilicity!of!the!
hydroxymethyl!groups,!a!notion!supported!by!the!study!of!the!two!similarly!sized!
triethylamino!and!triethanolamino!anchor!groups.213,%214!Hydrophilic!anchor!groups!tend!
to!remain!in!direct!contact!with!the!bulk!water!rather!than!to!desolvate!and!enter!the!
hydrophobic!cavity!of!CB[7].!Experimental!evidence!from!a!series!of!negative!controls!
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(i.e.,!other!anchors!that!are!internalized!such!as!NSmethylmorpholino!and!triethylamino!
anchors)!in!conjunction!with!excellent!agreement!between!experimental!and!theoretical!
values!of!ligand!positions!within!CB[7]!provide!strong!support!for!the!assertion!that!the!
position!of!the!Tris!anchor!remains!constant!across!the!ligand!series.!This!effect!is!
visualized!by!plotting!the!calculated!change!in!position!(Z)!vs.!observed!CB[7]Sinduced!
chemical!shift!perturbations!for!the!Tris!anchor!and!internalized!methonium!(Figure!54).!
Indeed!with!decreasing!linker!length,!the!methonium!group!(red!squares)!is!gradually!
internalized—this!is!depicted!in!Figure!54!with!Z!=!0!Å!at!the!lower!portal!of!CB[7]—
while!the!Tris!group!position!(blue!circles!for!2a3d'and!green!triangles!for!1b3e)'remains!
fixed!in!each!ligand.!The!ability!of!the!Tris!anchor!to!lock!guests!in!a!fixed!geometry!
serves!as!the!foundation!for!the!thermodynamic!model.!!
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Figure'54:'Correlation'between'experiment'and'theory'depicts'a'gradual'
internalization'of'methonium'with'decreaseing'linker'length'(N).'
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Figure'55:'QM3optimized'structures'of'1d'(pink)'and'1e'(yellow,'C)'bound'to'
CB[7].'
Results!from!1HSNMR!studies!suggest!that!the!terminal!methyl!group!of!the!
CB[7]•1!complexes!remain!inside!the!cavity!regardless!of!linker!length,!an!observation!
consistent!with!the!energySminimized!structures.!In!the!CB[7]•1e!complex,!the!alkyl!
linker!folds!inside!the!cavity!(Figure!48!and!Figure!55),!giving!rise!to!a!destabilizing!C4S
C7!gauche!interaction!(Figure!55c),!an!effect!taken!into!account!in!the!thermodynamic!
analyses!below.!In!both!the!CB[7]•2!and!CB[7]•1b3e!complexes,!the!alkyl!linkers!adopt!
helical!conformations,!similar!to!the!geometries!observed!in!cavitandSalkane!
complexes.263!As!previously!described!by!Rebek!and!coSworkers,!the!helical!structure!
most!likely!results!from!the!propensity!of!the!alkyl!chain!to!reduce!solvent!exposure!and!
to!fill!the!cavity!volume!as!seen!in!the!space!filling!model!in!Figure!55b.264!!
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4.4 Deconvolution of methonium binding thermodynamics 
4.4.1 Temperature variance in CB[7]•Ligand binding thermodynamics 
We!measured!the!CB[7]•1b3e!and!CB[7]•2a3d!binding!thermodynamics!(∆G,!∆H,!
and!T∆S)!over!a!range!of!temperatures!from!208!–!313K!(Table!8,!Appendix!D)!with!ITC.!
The!binding!is!entropically!driven!with!a!favorable!(negative)!∆ Hb !for!1c3e!and!2a3d!
and!an!unfavorable!∆ HbCB[7]•1 !for!1b.!∆Gb !does!not!appear!to!change!with!temperature!
due!to!compensating!enthalpic!and!entropic!contributions.!Isobaric!heat!capacity!
changes!accompanying!CB[7]!complexation!were!recorded!for!each!ligand!by!plotting!
the!binding!enthalpy!vs.!temperature!(Figure!56).!Large,!negative!∆Cp !values!were!
obtained!for!CB[7]•1b3e!complexes,!consistent!with!significant!hydrophobic!desovlation!
upon!binding.!!!
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Figure'56:'CB[7]•1b3e'∆Cp 'determined'by'ITC'
'
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Table'8:'CB[7]•Ligand'binding'thermodynamics'from'ITC'
Ligand' N'
T'
(K)'
∆G'
(kcal•mol31)'
∆H'
(kcal•mol31)'
T∆S'
(kcal•mol31)'
∆Cp'
(cal•mol31K31)'
CB[7]•1b! 4! 283! S5.28!±!0.03! 2.5!±!0.10! 7.78!±!0.07! S109!±!9!
! !
288! S5.37!±!0.08! 1.79!±!0.13! 7.16!±!0.09!
!
! !
293! S5.40!±!0.06! 1.34!±!0.06! 6.74!±!0.02!
!
! !
298! S5.36!±!0.11! 0.79!±!0.17! 6.14!±!0.17!
!CB[7]•1c! 5! 298! S7.15!±!0.05! S1.24!±!0.03! 5.92!±!0.03! S116!±!6!
! !
303! S7.11!±!0.03! S1.72!±!0.05! 5.39!±!0.06!
!
! !
308! S7.17!±!0.10! S2.47!±!0.27! 4.70!±!0.19!
!
! !
313! S7.18!±!0.05! S3.07!±!0.09! 4.10!±!0.05!
!CB[7]•1d! 6! 288! S8.03!±!0.04! S1.85!±!0.09! 6.18!±!0.06! S126!±!7!
! !
298! S8.04!±!0.10! S3.14!±!0.14! 4.91!±!0.06!
!
! !
303! S8.02!±!0.04! S3.98!±!0.13! 4.04!±!0.09!
!
! !
308! S7.91!±!0.02! S4.19!±!0.15! 3.72!±!0.14!
!CB[7]•1e! 7! 288! S8.14!±!0.04! S2.22!±!0.02! 5.91!±!0.04! S140!±!3!
! !
298! S8.04!±!0.04! S3.74!±!0.04! 4.30!±!0.08!
!
! !
303! S8.07!±!0.02! S4.14!±!0.06! 3.92!±!0.06!
!
! !
308! S7.95!±!0.05! S4.92!±!0.16! 3.03!±!0.19!
!CB[7]•2a! 3! 293! S6.83!±!0.06! S0.37!±!0.01! 6.47!±!0.08! S40!±!3!
! !
298! S6.80!±!0.10! S0.61!±!0.06! 6.18!±!0.05!
!
! !
303! S6.68!±!0.04! S0.75!±!0.02! 5.93!±!0.06!
!
! !
308! S6.73!±!0.07! S0.99!±!0.04! 5.74!±!0.11!
!CB[7]•2b! 4! 288! S7.06!±!0.15! 0.37!±!0.08! 7.43!±!0.11! S57!±!3!
! !
303! S7.40!±!0.21! S0.44!±!0.04! 6.96!±!0.24!
!
! !
308! S7.14!±!0.47! S0.81!±!0.04! 6.33!±!0.49!
!
! !
313! S7.33!±!0.03! S1.04!±!0.13! 6.29!±!0.13!
!CB[7]•2c! 5! 288! S7.91!±!0.02! S0.99!±!0.03! 6.93!±!0.04! S57!±!1!
! !
298! S8.05!±!0.03! S1.54!±!0.01! 6.52!±!0.04!
!
! !
303! S8.00!±!0.06! S1.83!±!0.02! 6.17!±!0.07!
!
! !
308! S8.08!±!0.11! S2.12!±!0.11! 5.95!±!0.19!
!CB[7]•2d! 6! 288! S9.02!±!0.05! S1.69!±!0.03! 7.34!±!0.03! S65!±!6!
! !
298! S9.08!±!0.02! S2.42!±!0.07! 6.66!±!0.08!
!
! !
303! S9.07!±!0.02! S2.65!±!0.09! 6.43!±!0.08!
!
! !
308! S9.08!±!0.12! S2.97!±!0.08! 6.12!±!0.16!
!
!166!
4.4.2 Determination of ∆ JCH2  by ITC 
!
Figure'57:'∆ Hb 'and'∆Cp vs.'N'for'CB[7]•1b3e'complexes'
We!treat!each!value!of!∆ Jb !as!a!linear!function!of!N!to!estimate!the!perS
methylene!contribution!(∆ JCH2 )!of!the!linker!to!∆ Jb .!In!accordance!with!the!QMS
optimized!structure!of!the!CB[7]•1e!complex,!a!C4SC7!gauche!interaction!resulted!in!a!1.3!
kcal•molS1!deviation!from!the!linear!trend!observed!for!ligands!1b3d!(Figure!57).!
Accordingly,!we!only!use!data!for!ligands!1b3d!to!extract!∆ HCH2 !(S1.9±0.1!kcal•molS1),!
∆GCH2 !(S1.3±0.3!kcal•molS1)!and!∆ SCH2 !(S0.6±0.2!kcal•molS1!at!298!K).!As!expected,!the!
enthalpic!cost!of!the!solventSindependent!gauche!interaction!does!not!translate!into!
∆CpCB[7]•1 ,!and!a!clear!linear!correlation!with!N!is!observed!across!the!entire!series!1b!to!
1e!(Figure!57).!The!slope!of!this!plot!provides!a!per!methylene!contribution!(∆CpCH2 )!of!S
11±2!cal•molS1•KS1,!in!good!accord!with!previously!reported!values!of!S15!cal•molS1•KS
1.265,%266!This!correlation!validates!two!critical!assumptions:!1)!heat!capacity!changes!are!
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dominated!by!desolvation!changes!upon!binding;!and!2)!the!energetic!contribution!from!
desolvation!of!the!alkyl!linker!varies!linearly!across!the!entire!series!1b'to'1e,!regardless!
of!the!conformation!adopted!by!the!ligand!in!the!bound!form.!
4.4.3 Enthalpy of desolvation of tethered methonium 
Table!9!shows!thermodynamic!parameters!for!the!binding!of!ligands!2a3d!
(∆ JbCB[7]•2a−d )!at!298!K,!which!show!that!the!binding!of!ligand!series!2!to!CB[7]!is!
entropically!driven.!However,!after!correcting!for!the!linker!contribution!(Equation!41),!
it!is!clear!that!methonium!encapsulation!is!enthalpically!driven!(Table!9),!in!good!accord!
with!previous!studies.215,%217,%223,%235!The!transfer!of!methonium!from!bulk!water!to!the!
hydrophobic!cavity!of!CB[7]!is!spontaneous!(∆Gb,Am6→3 !=!S1.7!kcal•molS1),!driven!by!a!
negative!(favorable)!enthalpy!change!(∆ Hb,Am6→3 !=!S4.0!kcal•molS1),!and!accompanied!by!an!
unfavorable!entropy!change!(∆ Sb,Am6→3 !=!S8!cal/mol•K).!∆∆ H int,Am6→N !from!MD!simulations!of!!
Table'9:'CB[7]•2a3d'and'extracted'CB[7]•methonium'binding'thermodynamics'
(kcal•mol31)'at'298K'
'' N' ∆Gb ' ∆ Hb ' T∆ Sb ' ∆∆Gb,Am6→N ' ∆∆ Hb,Am6→N ' T∆∆ Sb,Am6→N '
CB[7]•2a! 3! S6.8±0.1! S0.6±0.1! 6.2±0.1! S1.7±1.0! S4.0±0.3! S2.3±0.9!
CB[7]•2b! 4! S7.2*! S0.1*! 7.1*! S0.8±0.7! S1.5±0.2! S0.8±0.6!
CB[7]•2c! 5! S8.1±0.0! S1.5±0.0! 6.5±0.0! S0.3±0.3! S1.0±0.1! S0.8±0.3!
CB[7]•2d! 6! S9.1±0.0! S2.4±0.1! 6.7±0.1! 0.0±0.2! 0.0±0.1! 0.0±0.1!
*CB[7]•2b!binding!was!enthalpically!silent!at!298K!and!the!listed!values!were!obtained!
by!interpolation!from!other!temperatures.!
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!
!
Figure'58:'CB[7]•methonium'binding'enthalpy'as'function'of'QM'calculated'
methonium'solvent'accessible'surface'area'
the!CB[7]•2!complexes!(Equation!63!of!Appendix!C)!enable!determination!of!the!
enthalpy!of!desolvation!with!respect!to!methonium!encapsulation!(∆∆ Hdesolv,Am6→N ).!Figure!
58!shows!the!correlation!between!∆∆ Hb,Am6→N !(black!circles),!∆∆ H int,Am6→N (blue!triangles),!
and!∆∆ Hdesolv,Am6→N (red!squares)!as!a!function!of!the!change!in!the!ensemble!averaged!
SASA!relative!to!the!N=6!state!(∆SASA).!The!binding!of!methonium!to!the!CB[7]!cavity!
produces!a!negative!enthalpy!change,!presumably!derived!from!favorable!methoniumS
CB[7]!interactions!(N=6!to!N=4).!A!large!favorable!change!in!binding!enthalpy!is!
observed!as!the!linker!is!shortened!from!N=4!to!N=3!(∆∆ Hb,Am4→3 ).!Since!the!CB[7]S
methonium!interactions!are!similar!in!both!ligands,!this!shift!presumably!arises!from!
changes!in!desolvation!enthalpy.!The!unfavorable!net!change!in!desolvation!
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(∆∆ Hdesolv,Am6→N )!correlates!no!more!than!weakly!with!the!change!in!SASA,!with!a!
maximum!observed!at!N=4.!At!least!two!explanations!rationalize!this!observation.!
First,!energetic!terms!for!which!our!thermodynamic!model!does!not!account,!
such!as!changes!in!the!internal!energy!of!the!ligand!or!the!receptor!across!the!series,!may!
manifest!themselves!in!the!derived!values!of!∆∆ Hdesolv,Am6→N .!Shortening!of!the!linker!from!
N=5!to!N=4!begins!to!draw!methonium!into!the!cavity.!The!equilibrium!diameters!of!the!
CB[7]!portal!and!methonium!are!~4S5!Å!and!~5S6!Å,!respectively.267!Thus,!at!the!
equilibrium!position!of!methonium!in!the!CB[7]•2b'(N=4)!complex,!the!CB[7]!portal!
may!undergo!distortion!to!accommodate!the!methonium!group,!or!geometric!
constraints!may!force!the!methonium!group!to!move!further!into!or!out!of!the!cavity!
than!would!be!predicted!purely!on!the!basis!of!linker!length,!incurring!strain!in!the!alkyl!
linker.!Any!of!these!effects!would!negate!the!simplifying!assumptions!of!our!
thermodynamic!model,!producing!additional!destabilizing!enthalpic!contributions!to!
the!apparent!∆∆ Hdesolv,Am6→N .!At!a!minimum,!structural!distortions!of!the!CB[7]!cavity!
arising!from!methonium!encapsultion!were!not!apparent!in!a!superposition!of!the!QM!
calculated!complex!structures,!depicting!RMS!differences!no!greater!than!!0.2!Å!!for!
CB[7]!structures!throughout!the!CB[7]•2!series.!
A!second!more!intriguing!possibility!is!that!∆∆ Hdesolv,Am6→N !does!not!vary!
monotonically!with!the!solventSexposed!surface!area,!in!which!case!the!nonSlinearity!in!
Figure!58!is!representative!of!a!more!complex!desolvation!energy!landscape.!Similar!
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effects!(in%silico)!have!been!discussed!in!the!context!of!hydrophobic!desolvation!during!
helix!formation268!and!the!binding!of!a!methaneSsized!particle!in!a!hydrophobic!cavity.269,%
270!Fortunately,!these!two!possibilities!are!experimentally!distinguishable:!solvationS
associated!contributions!to!binding!enthalpies!are!temperature!dependent!while!the!
soluteSsolute!interactions!and!configurational!enthalpies!are!temperature!
independent.271,%272!We!can!thus!differentiate!the!possibilities!by!evaluating!the!changes!
in!isobaric!heat!capacity!that!occur!upon!shortening!of!the!linker!and!concomitant!
methonium!encapsulation!in!CB[7]!(∆∆Cp,Am6→N ).!!!
4.5 The role of water in CB[7]•methonium binding 
4.5.1 Heat capacity as a measure of solvent reorganization 
Figure!59!shows!the!correlation!of!∆∆Cp,Am6→N !and!∆∆ Hdesolv,Am6→N !with!∆SASA.!
Similar!to!∆∆ Hdesolv,Am6→N ,!∆∆Cp,Am6→N !does!not!follow!a!simple!monotonic!trend!but!rather!
shows!an!apparent!minimum!at!N=4.!Propagation!and!accumulation!of!errors!in!
∆∆Cp,Am6→N !preclude!precise!assessment!of!the!heat!capacity!changes!associated!with!
methonium!transfer!into!the!cavity!of!CB[7].!Nonetheless,!a!discontinuity!in!∆∆Cp,Am6→N !at!
N=4,!qualitatively!coincides!with!the!maximum!observed!in!∆∆ Hdesolv,Am6→N !prior!to!
complete!methonium!encapsulation.!In!light!of!the!absence!of!significant!distortion!of!
CB[7]!for!N=4!(vide%supra),!the!observed!∆∆Cp,Am6→N !supports!the!notion!that!an!
unfavorable!enthalpic!component!for!N=4!arises!from!solvent!reorganization,!rather!!
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Figure'59:'Comparison'of''methonium'desolvation'enthalpy'and'
CB[7]•methonium'binding'heat'capacity'changes'as'a'function'of'∆SASA'
than!from!increased!torsional!strain!in!the!CB[7]•2!complexes.!Also!consistent!with!this!
hypothesis!are!earlier!computational!studies!that!predicted!a!nonSmonotonic!trend!of!
desolvation!enthalpy!with!decreasing!intermolecular!distance!upon!the!association!of!
nonSpolar!surfaces!in!water.273!
The!nonSmonotonic!nature!of!the!∆∆ Hdesolv,Am6→N and!∆∆Cp,Am6→N !plots!prevents!
unambiguous!determination!of!the!desolvation!enthalpy!of!a!fully!solvated!methonium!
by!linear!extrapolation!(SASA!=!167!Å2).!However,!given!an!exceptionally!small!
enthalpy!change!in!the!partial!desolvation!of!methonium!(∆∆ Hdesolv,Am6→3 !=!0.5±0.3!
kcal•molS1),!it!appears!highly!unlikely!that!the!enthalpic!penalty!for!transfer!of!the!full!
methonium!surface!from!water!to!a!hydrophobic!cavity!will!be!close!to!the!gasSphase!
value!for!TMA+!desolvation!enthalpy!(+49!kcal•molS1).!On!the!other!hand,!our!results!are!
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not!necessarily!inconsistent!with!TMA+!gasSphase!data.!An!intriguing!explanation!for!
this!discrepancy!is!that!methonium!retains!significant!stabilizing!interactions!with!bulk!
water!even!when!encapsulated!in!the!CB[7]!pore.!Even!upon!full!encapsulation!(N=3),!
methonium!is!only!separated!from!the!nearest!water!molecules!by!the!6S8!Å!wall!of!
CB[7]!cavity.!The!low!dielectric!constant!of!the!CB[7]!structure!may!enable!strong!
methoniumSwater!electrostatic!interactions.!In!contrast!to!gasSphase!studies,!where!the!
waterSTMA+!electrostatic!interactions!disappear!upon!removal!of!solute,!these!
interactions!may!be!substantially!retained!even!after!the!transfer!of!methonium!from!
water!to!the!CB[7]!cavity,!giving!rise!to!the!diminished!enthalpic!penalty!of!desolvation.!!
A!review!of!methonium!binding!proteins!shows!that!methonium!is!typically!
removed!from!bulk!water!by!less!than!20!Å,!albeit!in!a!pocket!surrounded!by!aromatic!
moieties.215<219,%274!The!enthalpic!behavior!of!methonium!desolvation!observed!here!may!
reflect!Nature’s!strategy!for!methonium!binding!in!proteins!–!although!methonium!is!
desolvated!in!the!sense!that!it!lacks!direct!physical!contact!with!water,!the!charge!it!carries!
remains!in!electrostatic!contact!with!solvent,!a!situation!starkly!different!from!that!in!gas!
phase!studies.!As!a!result,!the!large!enthalpic!penalty!found!in!gas!phase!studies!may!be!
mitigated!in!the!binding!of!methonium!to!CB[7]!and!other!receptors,!because!of!indirect!
interactions!with!solvent.!This!postulate!warrants!further!testing.!!
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4.5.2 Occupancy maps of solvation shell water of methonium 
To!further!understand!the!nonSlinearity!in!our!energySsurface!plots,!we!
calculated!local!occupancy!maps!for!water!surrounding!methonium!in!the!CB[7]•2!
complexes!(Figure!60)!based!on!the!MD!simulation!trajectories.!The!first!solvation!shell!
of!the!solvated!states!has!a!water!occupancy!higher!than!that!of!the!bulk.!Collapse!of!this!
first!solvation!shell!takes!place!well!before!methonium!enters!the!cavity!(from!N=5!to!
N=4),!an!observation!consistent!with!the!results!of!McCammon!and!others.268<270!At!N=4,!
the!first!solvation!shell!of!methonium!nearly!vanishes,!prior!to!full!encapsulation!at!N=3.!
Disruption!of!the!solvation!shell!upon!binding!was!shown!to!be!unfavorable!
enthalpically269,%270,%275!and!may!explain!the!observed!trend!in!desolvation!thermodynamic!
parameters:!the!lowSoccupancy!region!near!methonium!in!the!CB[7]•2b!complex!
contains!energetically!perturbed!waters!(relative!to!the!bulk)!that!produce!both!the!
enthalpic!discontinuity!at!N=4!and!the!minimum!in!∆∆Cp,Am6→N .!The!release!of!this!soS
called!activated!water276!to!the!bulk!liberates!−∆∆ Hdesolv,Am4→3 ≈2.5!kcal•molS1!at!298!K.!
Although!the!enthalpic!maximum!at!N=4!may!be!due!to!the!unique!curvature!of!the!
surface!constituted!by!the!CB[7]!portal!and!methonium,277,%278!the!observation!of!
perturbed!water!is!common!in!both!biological!and!abiological!systems.275,%279,%280!At!the!
very!least,!the!presence!of!a!complex!desolvation!energy!landscape!for!the!CB[7]•2b!
complex!calls!into!question!the!validity!of!using!simple!water!to!either!gas!phase!or!
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a) !b) !
c) !d) !
Figure'60:'Water'occupancy'maps'from'MD'simulation'depicting'solvation'
shell'around'solvent3exposed'methonium'in'CB[7]•2a3d'complexes'
octanol!partition!coefficients!to!assign!the!energetic!contributions!of!water!for!ligand!
binding!in!aqueous!solution.!
4.6 Conclusions 
We!used!a!unique!hostSguest!system!comprising!CB[7]!and!a!series!of!de%novo!
designed!ligands!to!determine!the!thermodynamics!of!methonium!desolvation!and!
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binding!to!a!hydrophobic!cavity.!In!this!system,!a!Tris!anchor!fixes!a!ligand!in!place!with!
respect!to!the!host,!and!methonium!is!incrementally!repositioned!from!bulk!water!into!
the!cavity!by!shortening!an!alkyl!linker.!The!transfer!of!methonium!from!the!partially!
solvated!state!of!the!N=6!ligand!to!the!fully!encapsulated!state!at!N=3!is!driven!by!
exothermic!methoniumSCB[7]!interactions.!The!data!presented!here!furnish!evidence!
that!the!desolvation!of!methonium!occurs!with!a!significantly!diminished!enthalpic!
penalty!relative!to!the!gasSphase!desolvation!of!TMA+.!The!small!values!of!heat!capacity!
changes!that!accompany!binding!suggest!minimal!solvent!reorganization!upon!
encapsulation!of!methonium,!consistent!with!neutron!scattering!studies!that!show!a!
remarkably!unperturbed!solvation!shell!around!the!methonium!ion.233!!
More!importantly,!our!approach!of!incremental!internalization!revealed!nonS
monotonic!trends!in!both!∆∆Cp,Am6→N !and!∆∆ Hdesolv,Am6→N !as!a!function!of!methonium!SASA,!
which!echoes!the!arguments!of!Lemieux,!Dill!and!others!that!not!all!surface!is!created!
equal!and!approaches!to!parameterize!desolvation!thermodynamics!based!solely!on!
SASA!have!serious!limitations.277<279!For!a!surface!as!simple!as!that!of!methonium,!the!
enthalpic!signature!of!binding!desolvation!depends!strongly!on!the!molecular!topology!
of!the!surface!formed!by!both!the!ligand!and!the!receptor.!The thermodynamic 
consequences of methonium binding to different receptor surfaces may be different despite the 
fact that equal SASA is desolvated. Our result!reflects!the!common!limitation!of!SASASbased!
thermodynamic!analysis!–!namely!that!they!operate!well!across!a!homologous!series!but!
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fail!on!transfer!to!settings!other!than!that!from!which!the!parameters!are!generated.!As!
such,!new!methods!of!capturing!relevant!desolvation!thermodynamic!parameters!for!
association!in!aqueous!solution!are!needed!for!more!accurate!modeling!of!aqueous!
desolvation,!a!notion!recently!articulated!by!Baldwin.281!
In!any!event,!spontaneity!of!desolvating!methonium!from!water!is!determined!
by!the!free!energy!of!transfer!into!the!cavity!of!CB[7].!The!thermodynamic!model!
developed!here!for!enthalpy!may!not!apply!to!free!energy!analysis,!as!the!additive!
partitioning!of!∆ SbCB[7]•2a−d !may!not!be!valid.!Gas!phase!measurements!of!binding!free!
energies!and!enthalpies!in!CB[n]!systems!offer!an!attractive!means!for!establishing!a!free!
energy!description!of!methonium!desolvation,!which!was!recently!reviewed!by!Yang!
and!Dearden.282!We!are!currently!exploring!this!approach.!!
Finally,!we!note!that!the!study!described!here!accesses!only!half!of!the!total!
SASA!of!methonium.!Indeed!the!SASA!of!a!fully!solvated!methonium!group!is!167!Å2,!
while!the!most!solventSexposed!state!of!methonium!in!the!CB[7]•2!complexes!(N=6)!
presents!roughly!half!of!this!area!to!solvent.!The!correlation!plots!of!∆∆Cp,Am6→N !and!
∆∆ Hdesolv,Am6→N !may!represent!asymptotic!regions!of!two!much!steeper!curves,!and!the!
desolvation!of!the!entire!167!Å2!SASA!of!methonium!may!entail!a!much!greater!
enthalpic!penalty!than!suggested!by!our!data.!Due!to!the!flexible!nature!of!the!alkyl!
linker,!however,!the!current!design!is!unsuitable!for!probing!more!solvent!exposed!
states!of!methonium.!Future!studies!using!alkynyl!or!alkenyl!linkers!to!extend!the!
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methonium!further!into!the!solvent!may!access!a!wider!range!of!solventSaccessible!states!
of!methonium.!
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5. Experimental section. 
5.1 General 
5.1.1 Materials  
House!deionized!water!was!further!purified!prior!to!use!with!a!MilliSQ!
Advantage!A10!system!fitted!with!an!inSline!0.25!sm!filter!(EMDSMillipore,!Billerica,!
MA,!USA).!E.%coli!strains!!XL10(Gold)!or!DH5α!!(Stratagene,!La!Jolla,!CA,!USA)!were!
used!for!general!cloning.!Top10!One!Shot®!Cells!(Invitrogen,!Carlsbad,!CA,!USA)!were!
used!for!subcloning!of!PCR!products!for!sequencing!purposes,!and!BL21(DE3)!
(Novagen,!Madison,!WI,!USA)!cells!were!used!for!protein!expression!under!control!of!
the!lac!repressor/!T7!RNA!polymerase!expression!system.!All!DNASaltering!enzymes!
were!purchased!from!New!England!Biolabs!(NEB,!Ipswich,!MA,!USA).!NanoSStrip®!was!
purchased!from!Cyantek!(Fremont,!CA,!USA).!TCEP!and!IPTG!were!purchased!from!
GoldBio!Technology!(St.!Louis,!MO,!USA).!P2SBiogel!and!Kaleidoscope®!protein!ladder!
were!purchased!from!BioSRad!(Hercules,!CA,!USA)!and!used!as!per!manufacturer’s!
instructions.!HRSS100!gel!filtration!column!was!purchased!from!GE!Healthcare!
(Pittsburgh,!PA,!USA).!Pivalic!acid!was!purchased!from!TCISAmerica!(Portland,!OR,!
USA).!4Å!molecular!sieves!(4ÅMS;!SigmaSAldrich,!St.!Louis,!MO,!USA)!were!flame!
dried!for!10!min.!at!150!mTorr!and!stored!in!an!oven!at!200!°C.!DiStertSbutylS4S
methylpyridine!(DTBMP)!was!ordered!from!Matrix!Scientific!(Columbia,!SC,!USA)!and!
purified!by!elution!over!1!volume!SiO2!and!4!volumes!basic!alumina!in!hexanes,!yielding!
!179!
a!white!solid!after!crystallization!from!the!pure!concentrate.!Guanidine!was!generated!as!
a!free!base!by!titration!of!the!hydrochloride!solution!(SigmaSAldrich)!with!NaOH!and!
desalting!over!mixed!DOWEXSH/OH!resin!then!freezeSdried!to!a!white!powder.!Silver!
(I)!trifluoromethanesulfonate!(AgOTf)!was!purchased!from!SigmaSAldrich!and!
azeotropically!dried!in!triplicate!with!toluene!prior!to!use.!Benzaldehyde!(PhCHO),!4S
(dimethylamino)pyridine!(DMAP),!NSbromosuccinimide!(NBS),!copper(II)!
trifluoromethanesulfonate!(Cu(OTf)2),!and!trimethylacetyl!chloride!(PivCl)!were!
purchased!from!SigmaSAldrich!and!reSpurified!according!to!literature!procedures.283!All!
other!chemicals!were!purchased!and!used!without!modification!from!SigmaSAldrich.!!
5.1.2 Instrumentation 
XPS!spectra!were!collected!on!a!Kratos!Analytical!Axis!Ultra!spectrometer!
(Spring!Valley,!NY,!USA)!and!analyzed!using!the!CasaXPS!platform!(Kratos!Analytical,!
Teignmouth,!Devon,!ENG).!Cellulose!film!thickness!was!measured!using!the!
Nanometrics!210!reflectometer!(Kanata,!ON,!CAN).!Contact!angles!were!collected!on!an!
NRA!C.!A.!model!100!contact!angle!goniometer!(RameSHart!Inc.,!Succassuna,!NJ,!USA).!
AFM!images!were!collected!on!a!Digital!Instruments!Dimension!3100!scanning!probe!
microscope!(Veeco!Metrology,!Santa!Barbara,!CA,!USA)!and!rendered!using!Nanoscope!
SPM!software!from!Veeco.!UV/Vis!spectroscopy!was!performed!using!the!HewlettS
Packard!model!8453!spectrometer!(Agilent!Technologies,!Cary,!NC,!USA).!MicroSplate!
UV/Vis!assays!were!performed!on!a!Spectramax!Plus!384!microplate!reader!and!the!data!
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analyzed!by!SoftMax!Pro!version!5.0.1!software!(Molecular!Devices,!Sunnyvale,!CA,!
USA).!NMR!spectra!were!collected!on!an!Agilent!DD2!800!(Agilent!Technologies),!
Varian!Inova!500,!Varian!Inova!400,!or!Varian!Inova!300!(Varian!Inc.,!Palo!Alto,!CA,!
USA).!1HSNMR!chemical!shifts!(δ)!are!reported!in!reference!to!TMS!(0.00!ppm). 1HSNMR!
peak!multiplicities!are!reported!as!singlet!(s),!doublet!(d),!triplet!(t),!doublet!of!doublet!
(dd),!doublet!of!triplet!(dt),!AB!quartet!(ABq),!and!multiplet!(m)!with!coupling!constants!
(J)!reported!in!Hz.!13CSNMR!chemical!shifts!are!reported!in!reference!to!internal!solvent.!
LiquidSchromotography/!mass!spectrometry!(LCMS)!spectra!were!collected!using!an!
Agilent!Ion!Trap!with!electrospray!ionization!and!ion!collection!in!positive!mode!(ESI+).!!
MatrixSassisted!laser!desorption!ionizationS!time!of!flight!(MALDISTOF+)!spectra!were!
collected!on!an!ABI!Voyager!DE!Pro!(Life!Technologies,!Carlsbad,!CA,!USA)!in!positive/!
linear!mode.!Hydronium!concentrations!were!measured!with!a!SympHony!model!
SB70P!pH!meter!(VWR,!Radnor,!PA,!USA)!fitted!with!a!Calomel!pHree!glass!electrode!
(Beckman!Coulter,!Brea,!CA,!USA)!and!calibrated!to!two!or!three!pH!standards!(BDH!
brand,!pH!=!4.01,!7.00,!and!10.01;!VWR).!Masses!were!measured!to!±!1%!using!a!MettlerS
Toledo!model!AB104SS!or!AB204SS!analytical!balance!(MettlerSToledo,!Columbus,!OH,!
USA).!
5.1.3 Synthesis and chromatography 
All!reactions!were!run!under!inert!gas!atmosphere!using!N2!or!Ar,!unless!
specified!otherwise.!Hydrogenation!reactions!were!performed!with!a!Parr!model!3911!
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hydrogenation!apparatus!(Parr!Instrument!Company,!Moline,!IL,!USA).!Solvent!removal!
was!facilitated!with!a!Büchi!model!R110!rotary!evaporator!(Buchi!Corp.,!New!Castle,!
DE,!USA).!Lyophilization!was!performed!with!a!Labconco!Freezone!6!freezeSdry!system!
(Labconco,!Kansas!City,!MO,!USA).!Routine!sample!sonication!was!performed!using!an!
Aquasonic!model!75T!sonication!apparatus!from!VWR.!Normal!phase!thinSlayer!
chromatography!(TLC)!was!performed!over!glass!plates!coated!with!SilicaS60F!(254!nm)!
in!a!specified!solvent!then!developed!with!phosphomolybdic!acid!solution!or!1%!(w/v)!
KMnO4!in!aqueous!hydroxide,!or!visualized!by!UV!(254!nm).!Sugars!were!visualized!
using!a!0.2%!ethanolic!naphthorescorcine!(50%!in!2N!H2SO4)!stain!or!0.3%!(v/v)!pS
anisaldehyde!stain!in!acidic!(9.5!mL!conc.!H2SO4!+!2.7!mL!acetic!acid)!ethanol!(250!mL)!
and!charring!technique.!ReverseSphase!TLC!was!performed!with!glass!C18Smodified!
silica!gel!plates!(Silica!R18F,!EMDSMillipore).!Flash!chromatography!was!performed!over!
SiO2%RediSep!columns!using!a!TeledyneSIsco!CombiSFlash!instrument!(TeledyneSIsco,!
Lincoln,!NE,!USA).!Normal!phase!analytical!high!pressure!liquid!chromatography!(NPS
HPLC)!was!performed!using!an!Agilent!Carbohydrate!Column!(150!mm!x!2.5!mm!ID;!
25%!S!100%!H2O:!ACN;!60!°C)!with!elution!monitored!by!MS.!Reversed!phase!HPLC!
(RPSHPLC)!was!performed!using!an!analytical!and!preparatory!scale!Agilent!PrepSC18!
column!(250!mm!x!2.5!mm!ID;!30!cm!x!4.5!cm!ID)!with!analytical!scale!elution!monitored!
by!MS.!SemiSpreparative!HPLC!was!performed!on!an!Agilent!series!1200!purification!
system!using!the!Agilent!Chemstation!software!and!monitored!via!an!inSline!UV/Vis!
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detector.!Stringent!FPLC!was!performed!using!an!ÄKTAFPLC!system!from!GE!
Healthcare!with!an!inSline!UV/Vis!detector.!Routine!FPLC!was!also!performed!using!a!
Masterflex®!pump!(ColeSParmer,!Court!Vernon!Hills,!IL,!USA)!to!control!solvent!flow!
and!a!Pharmacia!model!LKB!RediFrac!fraction!collector!of!GE!Healthcare!for!sample!
collection.!
5.1.4 Biochemistry and molecular biology 
All!containers!and!media!were!either!acquired!in!sterileSpackaging!or!autoclaved!
using!the!AMSCO!Scientific!Eagle/!Century!model!SGS120!autoclave!(Steris,!Mentor,!
OH,!USA).!DNA!reactions!were!performed!with!an!Applied!Biosystems!GeneAmp®!
PCR!system!2700!from!Life!Technologies.!DNA!sequencing!was!performed!by!the!Duke!
University!core!facilities!(Durham,!NC,!USA).!Cell!transformations!were!performed!
using!a!BioSRad!MicroPulser™!on!setting!E2!for!electrocompetent!cells284!or!by!the!heatS
shock!method!for!chemically!competent!cells.285!Prior!to!plating,!transformants!were!
generally!incubated!in!SOC!media!for!45!min.!while!stirring!in!a!New!Brunswick!
Scienitic!model!TCS7!rotor!housed!within!a!VWR!model!1545!oven!thermostated!at!37!
°C.!Centrifugation!of!small!volumes!(<!2!mL)!was!performed!with!a!Beckman!Coulter!
model!Microfuge®!18!fixedSangle!centrifuge.!Routine!centrifugation!and!Centricon!
(EMDSMillipore)!protein!concentration!were!performed!on!an!Eppendorf!model!5810SR!
benchStop!swingSrotor!centrifuge!(Eppendorf,!Hamburg,!DEU).!Large!volume!
centrifugations!were!performed!using!a!Sorvall!RC5B!Plus!centrifuge!with!a!GSS3!or!SSS
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34!fixedSangle!rotor!(DuPont,!Research!Triangle!Park,!NC,!USA).!Ultracentrifugation!
was!performed!using!a!Beckman!Coulter!Optima!LES80K!Ultracentrifuge!with!a!type!45S
Ti!fixedSangle!rotor.!Cell!cultures!were!grown!in!beveled!shaker!flasks!within!
thermostated!shakerSincubtors:!InforsSHT!model!Multitron!I!shakers!(Infors!USA!Inc.,!
Laurel,!MD,!USA)!at!T!≥!25!°C;!a!Thermo!Scientific!model!MaxQ!5000!shaker!(Thermo!
Fisher!Scientific,!Waltham,!MA,!USA)!for!T!=!20!S!25!°C;!and!a!New!Brunswick!Scientific!
series!25!incubator!shaker!(New!Brunswick!Scientific!Company!Inc.,!Edison,!NJ,!USA)!
housed!within!a!cold!environment!for!T!=!4!S!20!°C.!Cell!disruption!was!performed!using!
either!an!EmulsiFlexSC5!homogenizer!(Avestin!Inc.,!Ottawa,!Ontario,!Canada)!or!an!
SLM!Aminco®!French!press!(SLM!Instruments,!Ivyland,!PA,!USA).!Gel!electrophoresis!
was!performed!using!the!BioSRad!Power!Pac!3000!set!to!200V!for!SDSSPAGE!and!60!–!80!
V!for!agarose!gel!electrophoresis.!PAGE!gels!were!stained!with!0.25!wt%!Brilliant!Blue!
Coomassie!stain!and!subsequently!deSstained!with!10%!acetic!acid.!Gel!documentation!
was!performed!with!a!Kodak!Gel!Logic!Imaging!system!using!the!Molecular!Imaging!
Software!platform!(Eastman!Kodak,!Rochester,!NY,!USA).!!
5.1.5 Isothermal Titration Calorimetry 
ITC!molecular!association!data!was!collected!on!a!VPSITC!model!calorimeter!
using!Origin!5!data!analysis!software!(GE!Healthcare!Life!Sciences).!A!typical!ITC!
titration!was!carried!out!by!titrating!30!aliquots!of!ligand!solution!(15!sL)!into!a!sample!
solution!(typically!the!target!receptor!protein!or!organic!host),!with!350!s!intervals!
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between!injections.!Ligand!concentrations!were!~12S15Sfold!greater!than!that!of!the!
sample!solutions,!which!in!turn!were!set!to!ensure!cSvalues!remained!between!1!and!
1000!(see!Equation!31).!Chapter!4!ligand!and!CB[7]!concentrations!were!determined!
gravimetrically!assuming!molecular!formulas!obtained!by!combustion!analysis.!
Cellodextrin!ligand!concentrations!were!determined!from!using!the!BCA!reducing!
cellodextrin!assay!provided!below.!Protein!concentrations!were!determined!using!the!
Edelhoch!method.286!Reaction!heats!were!typically!fit!to!a!oneSsites!binding!polynomial!
(Equation!30)!to!determine!the!association!constants!and!binding!thermondynamics.!
Representative!CBM•cellodextrin!titrations!are!shown!in!chapter!2,!and!CB[7]•ligand!
titrations!are!provided!in!Appendix!D.!CB[7]•ligand!titrations!were!performed!in!100!
mM!NaAcetate!buffer,!pH!=!4.6.!CBM3a•cellodextrin!titrations!were!performed!in!50!
mM!NaHEPES,!1!mM!CaCl2,!1!mM!2Smercaptoethanol,!pH!=!7.5.!!
5.1.6 General protocols for protein expression and quantitation 
IPTG3induced'gene'expression.'BL21(DE3)!E.%coli!were!transformed!with!pETSbased!
expression!plasmids!using!electroporation284!or!the!heat!shock!method.285!Single!colonies!
were!used!to!inoculate!a!5!mL!starter!culture!in!LB!broth!supplemented!with!50!mg•LS1!
of!appropriate!antibiotic.!The!starter!culture!was!rotated!overnight!in!a!37!°C!incubator.!
The!starter!culture!was!used!to!inoculate!a!0.5!L!culture!of!LB!broth!containing!
appropriate!antibiotic.!The!culture!was!grown!at!37!°C!in!beveled!flasks!with!shaking!at!
200!rpm!until!the!optical!density!measured!at!600!nm!reached!an!absorbance!of!0.4!–!0.6.!
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The!cells!were!cooled!to!the!appropriate!temperature!(typically!15!–!37!°C)!and!a!
concentrated!solution!of!IPTG!in!water!(500X)!was!added!to!the!culture.!Small!aliquots!
(6!mL)!of!the!induced!culture!were!periodically!removed!and!the!cells!collected!by!
centrifugation!at!4,000!rpm!and!4!°C.!The!cell!pellets!were!subjected!to!alkaline!lysis,!and!
the!total!protein!content!measured!by!standard!protocols!in!reference!to!bovine!serum!
albumin!as!described!below.!At!the!end!of!the!expression!timeScourse,!the!remaining!cell!
slurry!(~450!mL)!was!centrifuged!at!5,000!rpm!for!10!min!and!4!°C.!The!cell!pellet!was!
subsequently!stored!at!S20!°C!prior!to!small!scale!lysis!under!denaturing!or!native!
conditions!as!described!below.!
!
Auto3induction'of'gene'expression'with'lactose.!An!alternative!method!for!protein!
expression!was!explored!based!on!the!method!reported!by!Studier.206!The!following!
solutions!were!prepared:!
1000X%Trace%Minerals%solution:!50!mM!FeCl3,!20!mM!CaCl2,!10!mM!ZnSO4,!2!mM!CoCl2,!2!
mM!CuCl2,!2!mM!NiCl2,!2!mM!Na2MoO4,!2!mM!H3BO3.!Components!usually!combined!
to!a!final!volume!of!50!mL!with!MilliSQ!water!then!sterile!filtered!and!stored!at!4!°C!
under!foil.!
25XN%solution:!1.25!M!Na2HPO4,!1.25!M!KH2PO4,!1.25!M!NH4Cl,!125!mM!Na2SO4.!The!
components!were!combined!in!MilliSQ!water!up!to!200!mL!and!autoclaved!at!121!°C!for!
15!min.!The!resulting!pH!was!7.4.!!
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50X5052!solution:!25%!(v/v)!glycerol,!2.5%!(wt/v)!DSglucose!(anhydrous),!10%!(wt/v)!DS
lactose!monohydrate.!The!components!were!combined!and!diluted!to!100!mL!with!MilliS
Q!water!then!sterile!filtered!and!stored!at!4!°C.!!
The!autoSinduction!media!was!prepared!as!follows.!For!0.5!L!media,!tryptone!(5!g)!and!
yeast!extract!(2.5!g)!were!combined!with!MilliSQ!water!(468.5!mL)!and!autoclaved!at!121!
°C!for!15!min.!25XN!solution!(20!mL),!50X5052!solution!(10!mL),!1!M!MgSO4!(1!mL;!
sterile!filtered),!and!1000X!trace!minerals!solution!(0.5!mL)!was!added!when!cool,!and!
the!media!was!supplemented!with!appropriate!antibiotic.!A!starter!culture!of!pETS
transformed!BL21(DE3)!E.%coli!in!LB/antiobiotic!broth!(vide%supra)!was!used!to!inoculate!
the!autoSinduction!media.!The!culture!was!grown!at!various!temperatures!(typically!15!–!
30!°C)!for!24!–!48!hours!while!shaking!at!200!rpm!in!beveled!flasks.!Care!was!taken!not!
to!exceed!25%!of!the!flask!volume!to!ensure!sufficient!aeration.!Small!intermediate!
aliquots!and!the!endSpoint!cell!pellet!were!isolated!and!treated!for!protein!expression!
testing!as!described!for!the!IPTGSinduced!cells.!!
!
Analytical3scale'cell'lysis'with'alkaline'buffers'and'protein'quantitation.'Buffers!P1,!
P2,!and!P3!were!prepared!as!follows:!P1!=!100!mM!TRISSHCl!and!10!mM!EDTA!was!
prepared!in!50!mL!MilliSQ!water!and!the!pH!adjusted!to!8.0!with!1!M!NaOH;!P2!=!100!
mM!NaOH!and!1%!SDS!was!prepared!to!a!volume!of!50!mL!in!MilliSQ!water;!P3!=!3.5!M!
sodium!acetate!in!MilliSQ!water!(50!mL).!Cell!samples!from!the!expression!timeScourse!
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were!thawed!and!suspended!in!buffer!P1!(250!sL).!Buffer!P2!(250!sL)!was!added!to!the!
cell!solution!and!the!mixture!was!gently!agitated!for!5!min.!to!dissolve!the!cells!
completely.!The!reaction!was!neutralized!and!SDSSdebris!precipitated!by!addition!of!
buffer!P3!(350!sL).!The!debris!was!collected!by!centrifugation!at!14,000!rpm!and!the!
supernatent!collected!for!analysis.!A!triplicate!set!of!standard!protein!solutions!of!0,!1,!
2.5,!5,!7.5,!10,!12.5,!and!15!sg/.1!mL!alkaline!aqueous!BSA!was!prepared!by!dilution!of!
the!corresponding!amounts!of!1!sg/sL!BSA!stock!to!100!sL!with!1!M!NaOH!in!a!96Swell!
plate.!Similarly,!unknown!protein!samples!(2.5!sL)!were!diluted!in!triplicate!to!100!sL!
with!NaOH.!A!working!assay!solution!(100!sL)!of!50:1!Bradford!Reagent!A:B!(ThermoS
Fisher!Scientific)!was!added!to!each!well,!and!the!reaction!was!incubated!for!2!hrs!at!
37°C!prior!to!colorimetric!absorbance!analysis!at!560!nm!using!a!Spectromax!384!Plus!
UV/Vis!Spectrophotometer!(Molecular!Devices).!!
!
Small3scale'cell'lysis'and'IMAC'purification'under'denaturing'conditions.'Small!scale!
lysis!and!purification!of!hisStagged!proteins!under!denaturing!conditions!were!
performed!according!to!the!HisSbind!resin!manufacturer!(Novagen)!protocols.!The!
following!buffers!were!prepared:!A=!10!mM!TRISSHCl!and!8!M!urea!prepared!in!1!L!
MilliSQ!water;!B!=!buffer!A!supplemented!with!100!mM!phosphate!at!pH!8.0!in!50!mL!
MilliSQ!water;!C!=!buffer!A!supplemented!with!100!mM!phosphate!at!pH!6.3!in!50!mL!
MilliSQ!water;!D!=!buffer!A!supplemented!with!100!mM!phosphate!at!pH!5.9!in!50!mL!
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MilliSQ!water;!E!=!buffer!A!supplemented!with!100!mM!phosphate!at!pH!4.5!in!50!mL!
MilliSQ!water.!The!cell!paste!from!the!endSpoint!of!the!protein!expression!timeScourse!
was!gently!suspended!in!buffer!B!(8!mL/pellet!from!500!mL!growth)!and!gently!rocked!
at!4!°C!for!1!hr.!The!cellular!debris!was!removed!by!centrifugation!at!15,000S20,000!rpm!
for!45!min!with!a!Sorvall!SSS34!rotor,!and!the!soluble!fraction!of!the!lysate!was!passed!
through!a!1!mL!bed!of!Ni(II)Scharge!IMAC!resin.!The!column!flowSthrough!and!
subsequent!washes!with!buffers!CSE!were!collected!separately!and!analyzed!by!SDSS
PAGE/Coomassie!staining.!
!
Small3scale'cell'lysis'and'IMAC'purification'under'native'conditions.'Small!scale!lysis!
and!purification!of!hisStagged!proteins!under!native!conditions!were!performed!
according!to!the!HisSbind!resin!manufacturer!(Novagen)!protocols.!Cell!pellets!were!
thawed!and!reSsuspended!in!2!mL!lysis!buffer!(25!mM!Tris•HCl,!pH!=!8.0,!1!mg/mL!hen!
egg!white!lysozyme).!The!lysis!was!facilitated!by!rotary!incubation!at!4!°C!for!1!hr,!and!
the!cellular!debris!was!pelleted!by!centrifugation!at!15,000!rpm!for!20!min.!The!
supernatant!was!loaded!onto!a!NiScharged!IMAC!resin!as!per!the!manufacturer’s!
instructions.!The!column!was!washed!with!wash!buffer!(30!mM!imidazole,!25!mM!
Tris•HCl,!0.01%!TweenS20®,!pH!=!8.0),!and!the!desired!protein!was!eluted!in!elution!
buffer!(500!mM!imidazole,!25!mM!Tris•HCl,!pH!=8.0).!Samples!of!the!column!fractions!
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were!subjected!to!SDSSPAGE!and!functional!analysis!of!enzyme!activity!in!the!case!of!
cellulase!expression!testing.!
5.2 Evaluation of CBM3a•cellodextrin association 
5.2.1 Cellodextrin synthesis and purification 
Cellulose'triacetate.'Cellulose!triacetate!was!prepared!as!previously!reported!with!the!
following!adapatations.157!A!solution!of!HClO4!(70%,!2.2!mL),!glacial!acetic!acid!(540!
mL),!and!acetic!anhydride!(60!mL)!was!stirred!openly!over!an!ice!water!bath.!OvenS
dried!cellulose!acetate!(MW~30!kD,!39.4!wt%!acetate!content;!30!g)!was!added!to!the!
acid!mixture!and!stirred!openly!at!room!temperature.!After!2.5!hr,!the!reaction!mixture!
was!poured!into!2.5!L!iceSwater!and!left!overnight.!The!insoluble!products!were!
captured!by!vacuum!filtration!and!washed!with!sat.!NaHCO3!until!the!filtrates!were!
neutral!by!litmus!paper.!The!crude!reaction!products!were!dissolved!in!CH2Cl2!(~600!
mL)!and!washed!with!sat.!NaHCO3!(500!mL)!and!brine!(300!mL).!The!organic!layer!was!
dried!over!anhydrous!Na2SO4!and!concentrated!to!afford!product!as!a!white!solid!(33!g).!
1HNMR!(CDCl3):!δ!1.782!(bs,!1H),!1.945!(s,!3H),!2.010!(s,!3H),!2.130!(s,!3H),!3.548!(bs,!1H),!
3.715!(t,!1H,!J!=!8.4),!4.063!(d,!1H,!J!=!5.6),!4.366S4.427!(m,!2H),!4.797!(t,!1H,!J%!=!8),!5.071!(t,!
1H,!J!=!9.2).!
!
Pivalic'anhydride.'Pivalic!acid!(100!g,!0.98!mol)!was!dissolved!in!anhydrous!
triethylamine!(200!mL,!1.47!mol)!and!diluted!with!anhydrous!CH2Cl2!(200!mL).!The!
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solution!was!stirred!under!Ar!at!0°C.!Trimethylacetyl!chloride!(120!mL,!0.98!mol)!was!
added!slowly!to!the!pivalate!solution.!The!reaction!produced!a!white!precipitate!
immediately!and!exothermally!evolved!HCl!gas.!The!evolved!gas!was!neutralized!by!
bubbling!through!saturated!ammonium!hydroxide.!The!reaction!mixture!was!diluted!
with!CH2Cl2!(200!mL)!and!stirred!at!rt!for!3hr.!Anhydride!formation!was!verified!by!TLC!
(10%!EtOAc/!hexanes),!and!the!reaction!solids!were!removed!by!vacuum!filtration.!The!
solids!were!washed!with!ample!amounts!of!Et2O!(1!L)!and!the!filtrate!was!concentrated!
under!reduced!pressure.!The!resultant!anhydride!concentrate!was!purified!by!vacuum!
distillation!to!yield!pure!anhydride!as!a!colorless!liquid!(185!mL,!99%!yield).!Rƒ!=!0.4!
(10%!EtOAc:!Hexanes).!1HNMR!(CDCl3):!δ!1.248!(s).!13CNMR!(CDCl3):!δ!26.57!(6C),!40.24!
(2C),!173.95!(2C).!
!
Pivaloylysis'of'cellulose'triacetate.'Pivaloylsis!of!cellulose!triacetate!was!performed!
with!slight!modification!of!literature!protocol.157!Cellulose!triacetate!(5!g,!17!mmol)!was!
dissolved!in!anhydrous!CH2Cl2!(416!mL)!at!rt!under!an!Ar.!Pivalic!anhydride!(164!mL,!
799!mmol)!was!added!dropwise!to!the!stirring!solution!over!30!min.!BF3•Et2O!(33.3!mL,!
255!mmol)!was!added!to!the!mixture!and!stirring!continued!at!reflux!under!Ar.!TLC!(1:1!
EtOAc:!hexanes)!and!MaldiSMS!monitoring!showed!ample!reaction!progress!after!20!hr.!
The!reaction!was!quenched!with!sat.!NaHCO3!until!neutral!by!pH!paper.!The!resultant!
solution!was!extracted!into!CH2Cl2!(3!X!330!mL),!washed!with!brine!(2!X!600!mL),!and!
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dried!over!anhydrous!Na2SO4.!Concentration!under!slightly!reduced!pressure!and!then!
high!vacuum!yielded!a!crude,!brownSgreen!paint.!This!opaque!material!was!diluted!
with!minimal!CH2Cl2!and!the!reaction!products!precipitated!upon!addition!of!hexanes.!
The!solids!were!collected!by!vacuum!filtration,!combined!with!silica!gel!(10!g)!in!
minimal!CH2Cl2,!and!concentrated!to!dryness.!The!silicate!mixture!was!purified!on!a!by!
flash!chromatography!(220!g!SiO2,!75!ml/min;!elution!from!0!to!40%!EtOAc:!hexanes!
over!5!min,!to!50%!at!8!min,!isocratic!to!12!min,!to!60%!at!22!min,!isocratic!for!12!min,!to!
65%!at!33!min,!to!100%!for!5!min)!to!afford!reaction!products!as!individual!oligomers!up!
to!DP6!and!mixtures!DP7!and!above.!
!
Saponification'of'the'pivaloylysate.'The!starting!sugar!(1!eq.)!was!dissolved!in!
anhydrous!methanol!(0.1!mL/mg!)!under!an!argon!atmosphere.!25%!(wt/v)!NaOMe/!
MeOH!(~0.3!eq.)!was!added!to!the!sugar!solution!and!the!mixture!stirred!for!16!hours!at!
room!temperature.!A!white!solid!precipitated!from!the!reaction!mixture!and!partial!
saponification!of!the!starting!sugars!was!observed!by!LCMS.!The!reaction!solids!were!
collected!by!vacuum!filtration!and!washed!with!cold!MeOH.!The!intermediate!products!
were!dissolved!in!water!(0.1!mL/mg!),!and!1.25!N!LiOH!(2!eq)!was!added.!The!reaction!
mixture!stirred!for!5!hours!openly.!The!reaction!was!monitored!by!NPSTLC!(4:2:1.5;!
EtOAc:!MeOH:!H2O)!and!LCMS!(NPSHPLC;!60%!H2O:!MeOH;!50!°C;!m/z!=!
(162n+18+Na)+).!Upon!complete!saponification,!the!hydroxide!was!neutralized!over!
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DowexS[H+]!and!the!organic!impurities!extracted!into!ethyl!acetate.!The!aqueous!layer!
was!freezeSdried!to!afford!unSderivatized!sugar.!
!
Reversed3phase'HPLC'of'protected'cellodextrin'mixtures.'Protected!cellodextrin!
oligomers!were!purified!from!the!pivaloylysate!of!cellulose!triacetate!by!RPSHPLC!(C18S
modified!SiO2,!65S68%!ACN!(0.2%!Formic!acid)!in!Water!(0.2%!formic!acid);!42.5!
mL/min!over!35!min.)!to!yield!clean,!pivScapped!products.!m/z!(ESI+)!=!479!(M1+Na),!
785!(M2+Na),!1073!(M3+Na),!1361!(M4+Na),!1649!(M5+Na),!1937!(M6+Na),!1124!
(M7+2Na),!1266!(M8+2Na),!1410!(M9+2Na),!1554!(M10+2Na).!m/z!(MALDI+lin;!matrix!=!
HABA)!=!2227!(M7+Na),!2515!(M8+Na),!2804!(M9+Na),!3092!(M10+Na),!3380!(M11+Na),!
3668!(M12+Na).!In!addition!to!pivaloyl!terminated!cellodextrins,!differentially!
terminated!acetyl!and!pivaloyl!capped!cellodextrins!up!to!DP5!were!isolated!from!RPS
HPLC!purification!of!the!pivaloylysate.!m/z!(ESI+)!=!1031!(M3+Na),!1319!(M4+Na),!1607!
(M5+Na).!
!
Mixed3acid'hydrolysis'of'avicel.'Avicel!(20!g)!was!dissolved!in!concentrated!HCl!(37%,!
160!mL)!in!an!iced!brine!bath!at!S15!°C.!Concentrated!H2SO4!(>98%,!40!mL)!was!added!
slowly!to!the!cellulose/acid!slurry!over!10!min.!The!slurry!was!stirred!at!rt!for!3!hrs,!or!
until!the!solution!became!homogeneous.!The!reaction!solution!was!then!poured!into!a!
reservoir!of!acetone!(2!L)!cooled!to!S20°C.!The!acetone!slurry!was!left!overnight,!and!the!
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cellulose!precipitate!was!collected!by!filtration.!The!filter!cake!was!dissolved!in!water!(1!
L).!The!acidic!sugar!solution!was!clarified!by!centrifugation!at!5,000!rpm!for!15!min!with!
a!Sorvall!GSS3!rotor.!The!soluble!sugar!solution!was!filtered!through!basic!Dowex!in!the!
[OHS]!form!to!remove!excess!chloride.!The!residual!sulfate!ions!were!removed!via!the!
adjustment!of!the!acidic!pH!to!7.0!with!Ba(OH)2.!The!resulting!BaSO4!precipitate!was!
removed!by!filtration!over!cotton!and!through!a!0.22!sm!nylon!membrane.!The!clarified,!
neutral!soluble!sugar!solution!was!freezeSdried!to!afford!5!g!dry!cellodextrins!as!a!
mixture.!
!
Purification'of'un3derivatized'cellodextrin'mixtures.'DowexS50WX4!strong!acid!cation!
exchange!resin!(100!g)!was!generated!in!the!Ca2+!form!as!previously!described.158!BiogelS
P2!resin!(300!g)!was!prepared!in!MilliSQ!water!in!accordance!with!manufacturer!
instructions.!A!jacketed,!glass!chromatography!column!(1.2!m!X!2.5cm!ID)!was!fitted!to!a!
hot!water!bath!(90!°C)!and!hot!water!was!pumped!through!the!column!using!a!3SMDS
MTSHC!model!water!pump!(LittleSGiant!Pump!Co.,!Oklahoma!City,!OK,!USA).!The!
degassed!Biogel!resin!was!poured!into!the!column!and!allowed!to!settle!while!degassed!
water!was!flowed!through!the!column!openly.!The!degassed!DOWEX!resin!was!slowly!
poured!directly!on!top!of!the!Biogel!resin!in!such!a!way!as!to!not!disturb!the!Biogel!
packing.!Upon!settling,!the!column!was!fit!with!a!glass!frit!above!the!dowex!resin.!The!
resultant!column!was!90!cm!in!length!(30!cm!DOWEX!and!60!cm!Biogel).!Underivatized!
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mixedSsugar!solutions!(<5!mL!in!hot!MilliSQ!water)!were!loaded!directly!onto!the!
column!via!pipet!transfer.!Degassed!water!(~200!mL)!was!passed!through!the!column!by!
gravity!flow!(~1!–!2!mL/!min),!and!1!mL!fractions!were!collected,!analyzed!by!NPSTLC!
(4:2:1.5;!EtOAc:!MeOH:!H2O),!and!like!fractions!pooled.!The!identity!of!single!oligomers!
and/or!multiple!cellodextrins!was!confirmed!by!MALDISMS!(matrix!=!2,5S
dihydroxybenzoic!acid;!positive,!linear!mode):!m/z!=!527!(M3+Na),!689!(M4+Na),!851!
(M5+Na),!1013!(M6+Na),!1175!(M7+Na),!1337!(M8+Na),!1499!(M9+Na),!1661!(M10+Na).!
Cellodextrin!homogeneity!was!confirmed!by!LCMS!(NPSHPLC;!75%!H2O:!ACN;!50!°C).!
!
5.2.2 BCA assay of cellodextrin concentration 
Assay!reagents!A!and!B!were!prepared!as!described!by!Zhang!and!Lynd.191!
Standard!cellobiose!solutions!were!prepared!in!the!concentration!range!of!2.5!S!75!sM!
and!loaded!in!triplicate!in!a!96Swell!plate!(100!uL!sample/!well).!Unknown!cellodextrin!
solutions!were!prepared!by!dissolving!~50!S!100mg!cellodextrin!powder!in!buffer!(5!–!10!
mL)!and!preparing!a!2.5:1000!dilution!of!this!sample!into!a!final!volume!of!100!sL.!The!
freshly!mixed!working!solution!(100!sL;!1:1!solutions!A:B)!was!added!to!the!standard!
and!unknown!samples,!and!the!mixtures!were!incubated!at!72!°C!for!35!min.!The!
colored!products!were!allowed!to!cool!to!room!temperature!and!the!absorbances!at!560!
nm!were!measured!using!a!Spectromax!384!Plus!UV/Vis!Spectrophotometer!(Molecular!
!195!
Devices).!The!absorbance!values!were!correlated!to!sugar!concentrations!using!the!BeerS
Lambert!law!with!a!custom!Microsoft!Excel!workbook.!!
!
5.2.3 Expression and purification of C. cellulolyticum CBM3a 
CBM3aSencoding!DNA!was!PCR!amplified!from!a!commercial!vector!(IDT,!
Coralvile,!IA,!USA)!similar!to!pETscaf3!reported!by!Fierobe!et!al287!using!the!forward!
primer!TATACATATGGCGGGTACCGGTGTTGTTTC!with!an!NdeI!cleavage!site!
shown!in!bold!and!the!reverse!primer!TATAGTCGACTCACGGGGTAGAACCGTACG!
with!a!SalI!restriction!site!in!bold.!CBM3a!DNA!was!purified!from!an!agarose!gel!(2!%)!
and!subcloned!into!the!pCRTMSBlunt!IISTOPO®!(Invitrogen)!vector!for!sequencing!
purposes.!CBM3a!DNA!was!isolated!by!restriction!digestion!and!ligated!into!a!preScut!
pET22b+!plasmid!with!T4!ligase!forming!pETCBM.!pETCBM!was!transformed!into!
chemically!BL21(DE3)!E.%coli%which!were!grown!in!LB!media!(12!L)!supplemented!with!
ampicillin!(50!mg•LS1)!at!37!°C!to!an!OD600nm=!0.4S0.8.!The!cells!were!then!cooled!to!30!°C!
and!induced!with!IPTG!(0.4!mM)!for!five!hours!and!collected!by!centrifugation!(5!krpm,!
10!min).!Cell!pellets!were!typically!stored!at!S78!°C!for!no!more!than!1!month!prior!to!
protein!extraction.!Cell!pellets!were!lysed!in!lysis!buffer!(50!mM!NaHEPES,!1!mM!CaCl2,!
1!mM!SHCH2CH2OH,!1!sg•mLS1!DNaseI,!1!mM!PMSF,!!20!sM!PVS,!pH!=!7.5!S!7.9)!by!
mechanical!lysis.!The!cell!debris!was!removed!by!ultracentrifugation!at!40!krpm,!45!min,!
and!4!°C.!The!soluble!fraction!from!the!cleared!crude!lysate!was!passed!over!20!g!Avicel,!
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and!CBM3a!was!elute!with!a!linearly!increasing!gradient!of!pure!water!in!50!mM!
sodium!phosphate!buffer!at!pH!=!7.5.!The!initially!isolated!protein!was!typically!>90!
pure!by!SDSSPAGE.!Greater!purity!was!achieved!by!elution!of!the!protein!concentrate!(<!
4!mL)!through!an!S100HR!gel!filtration!column!in!calorimetry!buffer!(50!mM!NaHEPES,!
pH!=!7.5,!1!mM!CaCl2,!1!mM!βSmercaptoethanol)!at!a!flow!rate!of!1.0!mL•minS1.!The!
protein!was!concentrated!under!N2!pressure!in!a!stirredScell!Amicon®!(Amicon!Inc.,!
Beverly,!MA,!USA)!using!a!10!kMWCO!PES!membrane!(EMDSMillipore)!to!a!final!
concentration!of!0.1!–!1!mM!determined!using!the!Edelhoch286!method!(εCBM,!GndHCl!=!
36,900!cmS1MS1).!
!
5.2.4 Low-affinity ultrafiltration assay of CBM3a•cellodextrin 
association 
The!lowSaffinity!CBM3a•cellopentaose!and!cellotetraose!binding!was!assayed!
using!the!general!procedure!of!Menguy!et!al.168!Fresh!CBM3a!was!concentrated!in!
calorimetry!buffer!by!centrifugal!concentration!through!a!Corning!10!kMWCO!PES!
membrane!(ThermoSFisher!Scientific)!to!a!final!concentration!of!280!sM.!CBM3a!and!
ligand!stocks!solutions!were!used!to!prepare!a!range!of!0.5!mL!mixtures!from!0.025!mM!
to!24!mM!cellodextrin!with!0.028!mM!CBM3a.!A!set!of!control!samples!lacking!the!CBM!
was!also!prepared.!The!samples!were!incubated!over!night!at!4!°C!and!then!
concentrated!by!centrifugation!at!15,000!g!in!0.5!mL!PES!concentrators!until!the!protein!
mixture!had!concentrated!to!about!25!sL!(20X).!The!free!ligand!concentration!in!the!flow!
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through!was!measured!using!the!BCA!assay,!and!the!obtained!value!was!used!to!
determine!the!amount!of!ligand!bound/!pooled!on!the!protein!side!of!the!membrane!via!
the!following!relationships.!
Kd =
[Pf ][Lf ]
[PL] !
Equation'43'
[PTotal ]= [Pf ]+[PL] !
Equation'44'
[LTotal ]= [Lf ]+[PL] !
Equation'45'
θ =
[PL]
[PTotal ]
=
[Lf ]
Kd +[Lf ]
!
Equation'46'
!The!fraction!of!bound!protein!(θ)!was!plotted!against!the!free!ligand!concentration!in!
the!Origin!5!platform!(GE!Healthcare)!to!determine!the!apparent!Kd!via!Equation!46.!!
!
5.3 Force spectroscopy of MiniCipC-cellulose interactions 
5.3.1 Cellulose surface preparation  
Cellulose!nanocrystal!suspensions!were!prepared!and!spinScast!onto!a!polymer!
preScoated!silicon!wafer!as!reported!by!Wågberg!et!al.183!AFM!images!were!collected!in!
!198!
tapping!mode!using!bare!Ultrasharp!NSC!15/AIBS!tips!(Mikromasch,!Lady’s!Island,!SC,!
USA).!
5.3.2 Synthesis of heterobifunctional linker molecules 2.1 and 2.2 
Br
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!
a)!pentaethylene!glycol,!NaH,!THF,!0!°C!–!65!°C,!2!hr,!then!alkene,!reflux,!12!hr;!b)!DBU,!
DPPA,!DMF,!0!°C!–!rt,!1.5!hr,!then!NaN3,!90!°C,!5!hr;!c)!Ph3P,!THF,!H2O,!15!hr,!then!
Boc2O,!Et3N!,!0!°C—rt,!4!hr.!
!
Scheme'8:'Synthesis'of'tert3Butyl'3,6,9,12,153pentaoxahexacos3253enylcarbamate'(2.1)'
5.3.2.1$tert3Butyl'3,6,9,12,153pentaoxahexacos3253enylcarbamate'(2.1).179'''
The!title!compound!was!synthesized!as!outlined!in!Scheme!8!via!the!method!of!
Shestopalov179!with!minor!modifications.!Pentaethylene!glycol!(20.1!g,!84.3!mmol)!was!
dissolved!in!dry!THF!(100!mL)!and!stirred!on!ice!under!N2!atmosphere.!NaH!(1.01!g,!
60%!dispersion!in!mineral!oil,!25.3!mmol)!was!added!to!PEG!solution.!The!mixture!
warmed!to!room!temperature!over!30!min!and!was!then!refluxed!for!2!hrs,!at!which!
point!it!turned!orange.!A!solution!of!11SbromoS1Sundecene!(5!mL,!23!mmol)!in!THF!(20!
mL)!was!added!slowly!to!the!reaction!over!30!min!while!hot,!and!the!reaction!continued!
to!stir!at!reflux!over!night.!After!12!hrs,!the!solvent!was!removed!under!redu
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pressure,!and!the!crude!residue!was!triturated!in!hexanes!(5!X!150!mL).!The!extracts!
were!combined!and!washed!with!brine!(2!X!200!mL),!dried!over!Na2SO4!and!
concentrated!to!a!pale!yellow!oil!(2.3,!7.03!g,!78%!yield)!that!was!used!in!the!subsequent!
step!without!further!purification.!ESI(+)SMS:![M+H]+,!expected!m/z!=!391.56;!found!m/z!=!
391.!!
Crude!2.3!(8.85!g,!22.7!mmol)!was!dissolved!in!dry!DMF!(20!mL)!and!cooled!to!0!
°C!under!Ar.!1,8Sdiazabicyclo[5.4.0]undecS7Sene!(6.8!mL,!45.4!mmol)!and!diphenyl!
phosphorazidate!(9.8!mL,!45.4!mmol)!were!added!and!the!mixture!stirred!on!ice!for!1.5!
hrs.!Sodium!azide!(3.7!g,!56.8!mmol)!was!added!and!the!reaction!was!warmed!to!90!°C!
for!5!hrs.!The!DMF!was!removed!under!reduced!pressure,!and!the!residue!was!
combined!with!water!(50!mL)!and!extracted!with!Et2O!(300!mL).!The!extracts!were!
washed!with!water!(2!X!50!mL),!sat.!NH4Cl!(50!mL),!and!brine!(2!X!50!mL).!The!organic!
layer!was!dried!over!Na2SO4!and!concentrated!to!a!brown!oil!(13!g).!The!crude!was!dry!
loaded!onto!SiO2!(15!g)!and!purified!by!flash!chromatography!over!SiO2!(220!g,!40!
mL/min)!by!eluting!0!–!65%!EtoAc:!hexanes!to!remove!impurities,!then!elution!to!80%!
EtOAc:!hexanes!to!elute!desired!product!2.4'(2.73!g,!6.6!mmol,!29%!yield)!and!the!
intermediate!phosphinate!ester!(2.64!g,!4.25!mmol,!19%!yield;!m/z!=!623![M+H]+)!which!
could!be!recycled!to!the!desired!product!(1.5!g,!3.61!mmol,!85%!recovery,!48%!combined!
yield)!by!heating!with!sodium!azide!(690!mg,!10.6!mmol)!in!DMF!(10!mL)!at!90!°C!until!
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complete!by!TLC!(1:1!EtOAc:!hexanes;!PMA!stain).!ESI(+)SMS:![M+Na]+,!expected!m/z!=!
438;!found:!438.!!
2.4'(2.73!g,!6.6!mmol)!was!dissolved!in!THF!(20!mL),!and!triphenylphosphine!
(1.91!g,!7.3!mmol)!and!water!(178!sL,!9.9!mmol)!were!added.!After!stirring!for!12!hrs,!
TLC!(1:1!EtOAc:!hexanes)!indicated!remaining!starting!material.!The!reaction!was!
warmed!to!reflux!for!2!hrs,!and!the!solution!was!cooled!to!0!°C.!Triethylamine!(1.08!mL,!
7.9!mmol)!was!added,!and!mixture!became!milky!white.!DiStertSbutyl!dicarbonate!(1.82!
mL!at!37!°C,!7.9!mmol)!was!added!dropSwise!while!warm!to!the!reaction!mixture.!The!
reaction!warmed!to!rt!and!stirred!for!4!hrs.!Petroleum!ether!(200!mL)!was!added,!and!
the!triphenylphosphine!oxide!precipitate!was!filtered!away.!The!solvents!were!removed!
from!the!filtrate!under!reduced!pressure,!and!the!crude!residue!was!purified!over!SiO2!
(50!g)!packed!in!pet!ether.!The!title!compound!eluted!at!20%!acetone!in!petroleum!ether!
as!a!colorless!oil!(2.1,!2.97!g,!6.07!mmol,!92%!yield).!1H!NMR!(400!MHz,!cdcl3)!δ!5.81!
(apparent!ddt,!J!=!16.9,!10.2,!6.7!Hz,!1H),!5.10!(bs,!1H),!5.03!–!4.89!(m,!2H),!3.70!–!3.51!(m,!
18H),!3.44!(t,!J!=!6.8!Hz,!2H),!3.35!–!3.28!(m,!2H),!2.08!–!2.00!(m,!2H),!1.61!–!1.53!(m,!2H),!
1.44!(s,!9H),!1.38!–!1.22!(m,!12H).!13C!NMR!(75!MHz,!cdcl3)!δ!155.93,!139.09,!114.07,!78.99,!
71.45,!70.56,!70.55,!70.54,!70.47,!70.20,!70.16,!70.00,!40.32,!33.74,!29.58,!29.47,!29.40,!29.36,!
29.05,!28.86,!28.38,!26.03.!ESI(+)SMS:![M+Na]+,!expected!m/z!=!512;!found:!512.5.!
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a)!NHS!(2!eq),!DCC,!dioxane,!18!hr,!rt;!b)!NTASLysine!(2!eq),!NaHCO3,!H2O,!DMF,!pH!=!
7.2,!12!hr,!rt.!
!
Scheme'9:'synthesis'of'2,253bis(carboxymethyl)39,183dioxo313,143dithia32,8,19,253
tetraazahexacosane31,3,24,263tetracarboxylic'acid'(2.2).'
'
5.3.2.2'2,253bis(carboxymethyl)39,183dioxo313,143dithia32,8,19,253tetraazahexacosane3
1,3,24,263tetracarboxylic'acid'(2.2).'
2.5!was!prepared!as!reported!by!Ludwig!and!Jay.288!2.5!(500!mg,!1.15!mmol)!in!
DMF!(30!mL)!was!added!to!a!stirring!solution!of!NTASLysine!(Hydrate,!949!mg,!3.5!
mmol;!SigmaSAldrich,!St.!Louis,!MO,!USA)!in!buffer!(15!mL;!20!mM!NaHCO3,,!pH!=!7.2)!
for!12!hrs,!whereby!the!reaction!was!complete!by!analytical!LCMS!(3!–!43%!MeCN:!H2O!
+!0.02%!formic!acid!over!15!min!at!1.0!mL/!min;!4.6!X!250!mm!C18Ssilica;!Agilent!
Technologies,!Santa!Clara,!CA,!USA).!The!reaction!was!concentrated!under!vacuum!and!
purified!by!RPSHPLC!over!22!x!250!mm!C18!column!using!a!26.2!mL/min!flow!rate!and!
the!same!elution!as!in!analytical!LCMS.!!Product!fractions!were!pooled!and!concentrated!
under!vacuum!to!remove!MeCN!and!acid.!The!crude!was!dissolved!in!water!and!freezeS
dried!to!a!white,!fluffy!powder!(336!mg,!0.46!mmol,!40%!yield).!1H!NMR!(400!MHz,!d2o)!
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δ!4.10!–!3.92!(m,!8H),!3.25!–!3.09!(m,!4H),!2.97!(s,!1H),!2.81!(s,!1H),!2.68!(bt,!J!=!6.8!Hz,!4H),!
2.31!(bt,!J!=!6.6!Hz,!4H),!2.01!–!1.79!(m,!8H),!1.61!–!1.40!(m,!8H).!13C!NMR!(75!MHz,!d2o)!δ!
175.74,!172.35,!170.19,!67.98,!55.19,!38.77,!37.00,!34.24,!28.00,!26.46,!24.64,!23.56.!ESI(S)SMS:!
[MSH]S,!expected!m/z!=!725.81;!found:!725.6.!
5.3.3 2.2 disulfide reduction monitored by UV/Vis spectroscopy and 
Ellman’s test for sulfhydryl reactivity.  
Our!initial!attempts!to!observe!thiol!ligation!into!our!extended!surfaces!by!XPS!
were!unsuccessful;!therefore,!we!first!sought!to!confirm!that!the!sulfhydryl!group!was!
formed!upon!reaction!with!TCEP.!As!depicted!in!Figure!61,!the!S2!disulfide!reduction!in!
the!presence!of!equimolar!TCEP!in!alkaline!buffer!results!in!an!immediate!a!loss!of!UV!
absorbance!at!274!nm.!
Disulfide, T0!
!
!
Sulfhydryl, 2 min!
!
Figure'61:'2.2'disulfide'reduction'with'TCEP'monitored'by'UV/Vis'spectroscopy'
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Figure'62:'Ellman’s'test'of'sulfhydryl'reactivity'for'2.23thiol'
Indeed,!the!appearance!of!the!sulfhydryl!group!does!not!necessarily!prove!reactivity!
with!a!maleimide!crossSlinker.!We!next!used!performed!an!Ellman’s!test!(Thermo!
Scientific!of!Pierce!Biotechnology,!Rockford,!IL,!USA)!of!free!sulfhydryl!groups!in!the!
presence!of!increasing!concentration!of!4Smaleimidobutryate!(Mal).!A!solution!of!2.2!
(JRKVI01,!10!mM)!and!equimolar!TCEP!(pH!=!8.0)!were!assayed!for!free!thiol!content!
with!varying!amounts!of!Mal!up!to!1.3!equivalents.!To!ensure!the!reactivity!of!the!
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Ellman’s!reagent!with!free!thiols,!a!solution!of!3Scarboxypropyl!disulfide!(5!mM)!and!
equimolar!TCEP!was!prepared!as!a!positive!test!for!reactive!thiols.!The!results!are!
shown!in!Figure!62,!confirming!a!1:1!reaction!between!the!reduced!2.2!and!maleimide.!
5.3.4 Solid Phase Peptide Synthesis of a hexahistidine peptide  
Solid!phase!peptide!synthesis!was!carried!out!on!a!Liberty!model!microwave!
assisted!peptide!synthesizer!(CEM,!Mathews,!NC,!USA).!Reagents!were!prepared!for!a!
0.1!mmol!scale!synthesis!of!CGWGGHHHHHH.!FmocSprotected!amino!acids!and!Rink!
resin!were!purchased!from!NovaBiochem®!(EMDSMillipore,!Billerica,!MA,!USA).!
Sequential!addition!of!FmocSC(Trt)SOH!(590!mg!in!5!mL!DMF),!FmocSGSOH!(480!mg!in!
8!mL!DMF),!!FmocSW(Boc)SOH!(530!mg!in!5!mL!DMF),!and!FmocSH(Trt)SOH!(1.98!g!in!
16!mL!of!20%!DMSO:DMF)!to!the!Rink!resin!(100S200!mesh;!170!mg)!was!performed!via!
the!automated!controls!of!the!synthesizer.!HOBt!(450!mM!in!13!mL!DMF)!and!DIEA!(2!
M!in!4.56!mL!NMP)!were!used!for!the!activator!and!activator!base,!respectively.!The!
Fmoc!deprotection!solution!was!20%!(v/v)!piperidine!with!0.1!M!HOBt!in!DMF!(207!
mL).!!Upon!completion!of!the!coupling!reactions,!the!peptide!was!cleaved!from!the!resin!
manually!with!5!mL!94:1:2.5:2.5![trifluoroacetic!acid:!triisopropylsilane:!ethanedithiol:!
H2O]!per!65!mg!resin.!After!shaking!at!room!temperature!for!3!hrs!in!a!glass!scintillation!
vial,!the!bright!yellow!reaction!mixture!was!filtered!under!vacuum!and!the!resin!washed!
with!methanol.!The!filtrate!was!concentrated!to!an!oil!under!vacuum!and!poured!over!
ethyl!ether!(60!mL!at!S20!°C)!to!precipitate!the!peptide.!The!precipitate!was!dissolved!in!
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H2O!and!lyophilized!to!a!white!powder!(11.7!mg;!yield!is!with!respect!to!½!of!reaction!
mixture).!The!peptide!mass!was!confirmed!by!MALDISTOF!analysis.!Matrix!=!HCCA!in!
1%!TFA!solution;![M+H]+,!predicted:!1301.52,!found:!1300.83;![M+Na]+,!predicted:!
1323.51,!found:!1322.53.!The!peptide!was!used!in!AFM!without!further!purification.!
5.3.5 Expression and purification of His6-tagged miniCipC 
MiniCipCSencoding!DNA!was!PCR!amplified!from!a!commercial!vector!(IDT,!
Coralvile,!IA,!USA)!similar!to!pETscaf3!reported!by!Fierobe!et!al287!using!the!forward!
primer!CATACATATGGCGGGTACCGGTGTTGTTTCTGTTC!with!an!NdeI!cleavage!
site!shown!in!bold!and!the!reverse!primer!TATAGTCGACAACCGCAACTTTCAGTTS
CTTTGGTCG!with!a!SalI!restriction!site!in!bold.!MCC!DNA!was!purified!from!an!
agarose!gel!(0.8%)!and!subcloned!into!the!pCRTMSBlunt!IISTOPO®!(Invitrogen)!vector!for!
sequencing!purposes.!MCC!DNA!was!isolated!by!restriction!digestion!and!ligated!into!a!
preScut!pET22b+!plasmid!with!T4!ligase!forming!pETMiniCipC.!pETMiniCipC!was!
transformed!into!electrocompetent!BL21(DE3)!E.%coli%which!were!grown!in!LB!media!
supplemented!with!ampicillin!(50!mg•LS1)!at!37!°C!to!an!OD600nm=!0.4S0.8.!The!cells!were!
then!cooled!to!30!°C!and!induced!with!IPTG!(0.4!mM)!for!seven!hours!and!collected!by!
centrifugation!(5!krpm,!10min).!Cell!pellets!were!typically!stored!at!S78!°C!for!no!more!
than!1!month!prior!to!protein!extraction.!Cell!pellets!were!lysed!in!lysis!buffer!(50!mM!
NaHEPES,!1!mM!CaCl2,!1!mM!SHCH2CH2OH,!1!sg•mLS1!DNaseI,!1!mM!PMSF,!!20!sM!
PVS,!pH!=!7.5!S!7.9)!by!mechanical!lysis.!The!cell!debris!was!removed!by!
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ultracentrifugation!at!40!krpm,!45!min,!and!4!°C.!The!soluble!fraction!from!the!cleared!
crude!lysate!was!passed!over!20!g!Avicel,!and!MCC!was!elute!with!a!linearly!increasing!
gradient!of!pure!water!in!50!mM!sodium!phosphate!buffer!at!pH!=!7.5.!The!initially!
isolated!protein!was!typically!>90!pure!by!SDSSPAGE.!Greater!purity!was!achieved!by!
elution!of!the!protein!concentrate!through!an!S100HR!gel!filtration!column!in!phosphate!
buffered!saline!(pH!=!7.5)!with!0.05%!TweenS20®!at!a!flow!rate!of!1.0!mL•minS1.!The!
protein!was!concentrated!under!N2!pressure!in!a!stirredScell!Amicon®!(Amicon!Inc.,!
Beverly,!MA,!USA)!using!a!10!kMWCO!PES!membrane!(EMDSMillipore)!to!a!final!
concentration!of!~40!sM!determined!using!the!Edelhoch286!method!(εMCC,!GndHCl!=!42,860!
cmS1MS1).!
5.3.6 Expression and purification of His6-tagged murine galectin-3   
Murine!galectinS3!was!expressed!and!purified!as!described!by!Bowers!et!al184!
with!minor!modifications.!!pETG3!was!expressed!in!BL21(DE3)!E.%coli!with!1!mM!IPTG!
at!37!°C!for!3.5!hrs,!and!the!cells!were!collected!by!centrifugation!at!5!krpm!for!10!min!at!
4!°C.!The!cells!were!suspended!in!a!handSheld!glass!tissue!grinder!with!lysis!buffer!(50!
mM!Na!Phosphate,!1!sg•mLS1!DNaseI,!1!mM!PMSF,!pH!=!7.5)!and!lysed!mechanically!
with!an!EmulsiFlexSC5!homogenizer.!Cellular!debris!was!removed!at!20,000!x!g!for!30!
min!at!4!°C,!and!the!supernatant!was!passed!through!a!5!mL!bed!of!NiSloaded!NTA!HisS
bind®!resin!(EMDSMillipore)!as!per!the!manufacturer’s!instructions.!Pure!G3!eluted!from!
the!column!with!100!mM!imidazole.!The!fractions!appearing!pure!by!SDSSPAGE!were!
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pooled!and!concentrated!to!~10!sM!using!3!kMWCO!centricon!spinSconcentrator!(EMDS
Millipore).!The!remaining!imidazole!was!removed!by!dialysis!(3!X!8!hrs)!against!
phosphate!buffered!saline!with!TweenS20®!through!a!3.5!kMWCO!snakeskin!dialysis!
tubing!(Thermo!Scientific,!Rockford,!IL,!USA).!Some!precipitate!formed!during!dialysis.!
The!final!protein!solution!was!clarified!by!centrifugation!(4!krpm,!10!min,!4!°C)!and!
concentrated!to!~40!sM!(εG3,!GndHCl!=!29,800!cmS1MS1).!!
5.3.7 AFM cantilever functionalization  
The!AFM!cantilevers!were!functionalized!as!described!via!a!combined!approach!
of!Bowers180!and!Shestopalov.179!In!a!clean!environment,!AFM!tips!(NP,!nominal!spring!
constant!of!0.120!N/nm;!Bruker,!Billerica,!MA)!were!soaked!in!NanoSStrip®!at!75!°C!for!
30!s,!rinsed!with!ultrapure!water,!and!dipped!into!5%!aqueous!HF!for!1!min.!The!acid!
was!blown!away!with!N2,!and!the!tip!immediately!coated!with!10!sL!alkene!2.1.!The!
tip(s)!were!transferred!to!a!nitrogenSfilled!glove!box!and!irradiated!with!UV!light!for!30!
min!at!room!temperature!(UVP!11sc!lamp,!4400!sC•cmS2!at!5!cm!distance!above!tips).!
The!tips!were!then!removed!from!the!cleanroom,!rinsed!with!filtered!EtOH,!MiiliSQ!
H2O,!EtOH,!and!CH2Cl2.!The!tips!were!submerged!in!50%!trifluoroacetic!acid!in!CH2Cl2!
for!30!min!then!rinsed!with!EtOH,!MilliSQ!H2O,!EtOH!and!CH2Cl2.!The!tips!were!
submerged!in!a!solution!of!NHSSdPEG24®SMal!(15!mM,!1%!Et3N!in!CH2Cl2;!Quanta!
BioDesign,!Powell,!OH,!USA)!for!2.5!hrs!and!rinsed!with!CH2Cl2!and!EtOH.!The!tips!
were!transferred!to!a!freshly!prepared!solution!of!NTASthiol!2.2'(10!mM!with!respect!to!
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reduced!sulfhyryl,!5!mM!TCEP,!10!mM!aqueous!Na!Phosphate,!pH!=!7.5,!filtered!0.2!
sm)!for!13!–!16!hrs.!The!tips!were!rinsed!with!MilliSQ!H2O!and!soaked!into!nickel!
solution!(50!mM!NiSO4,!20!mM!NaHEPES,!pH!=!7.0)!for!30!min!and!rinsed!with!water.!
The!tips!were!soaked!in!bind!buffer!(5!mM!imidazole,!10!mM!NaPhosphate,!0.15!M!
NaCl,!0.05%!TweenS20®,!pH!=!7.5)!for!15!–!30!min!and!then!transferred!to!the!protein!
solution!(~250!sL!per!tip;!~40!sM!protein!in!PBSST!(10!mM!NaPhosphate,!0.14!M!NaCl,!
0.05%!TweenS20®,!pH!=!7.4)!using!a!mass!spectrometry!vial!cap!placed!in!a!covered!glass!
weigh!dish!as!the!reaction!vessel.!The!protein!soaking!step!was!omitted!in!the!blank!tip!
and!His6!unbinding!experiments.!The!tips!were!rinsed!with!phosphateSbuffered!saline!
immediately!before!the!unSbinding!experiments.!!
5.3.8 Functionalization of silicon surfaces with His6 peptide  
In!a!cleanroom,!1!cm2!silicon!wafers!were!soaked!in!NanoStrip®!for!10!min!at!75!
°C,!rinsed!with!water,!and!soaked!in!5%!aqueous!HF!for!5!min!at!rom!temperature.!The!
acid!was!blown!away!under!a!N2!stream,!and!the!surface!immediately!covered!with!
alkene!2.1.!The!surface!was!transferred!to!a!N2Sfilled!glove!box!and!irradiated!with!UV!
light!for!2!hrs!at!room!temperature!(UVP!11sc!lamp,!4400!sC•cmS2!at!2!cm!distance!
above!surface).!The!surface!was!removed!from!the!glove!box!and!clean!room!and!rinsed!
with!CH2Cl2,!EtOH,!water,!EtOH,!and!CH2Cl2.!The!surface!was!dried!under!Ar!and!
soaked!in!50%!TFA:CH2Cl2!for!30!min.!The!acid!was!rinsed!away!with!water,!EtOH,!
CH2Cl2!and!the!surface!was!soaked!in!the!NHSSdPEG24®SMal!solution!as!described!above!
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for!2.5!hrs.!The!surface!was!rinsed!with!CH2Cl2,!EtOH,!and!water!and!placed!in!a!0.2!
smS!filtered!solution!of!the!CGWGGHHHHHH!peptide!(4!mM!in!20%!DMSO:water,!10!
mM!TCEP,!pH!=!7.5;!Supporting!Information)!for!16!hrs.!The!surface!was!loaded!with!
NaHEPESSbuffered!NiSO4!as!described!above!prior!to!use!in!His6!unSbinding!
experiments.!!
5.3.9 Goniometric pH titration of surface 2.6 
A!1!cm2!silicon!wafer!was!functionalized!with!an!NTA!modified!monolayer!as!
described!above.!A!series!of!10!mM!buffers!were!used!to!generate!monotonic!increases!
in!pH!from!2.03!–!11.05:!phosphoric!acid/!monobasic!sodium!phosphate!(pH!=!2!–!3);!
acetic!acid/!sodium!acetate!(pH!=!4!–!5);!monobasic/!dibasic!sodium!phosphate!(pH!=!6!–!
8);!sodium!bicarbonate/!carbonate!(pH!=!9!–!11).!Advancing!and!receding!contact!angles!
for!a!drop!of!buffer!on!the!NTA!surface!were!collected!in!triplicate!using!an!NRA!C.!A.!
model!100!contact!angle!goniometer.!The!average!contact!angles!are!given!in!Table!5!and!
shown!here!in!Figure!63.!A!clear!decrease!in!contact!angle!with!increasing!pH!is!
consistent!with!greater!surface!wetting!as!the!NTA!moiety!is!ionized.!Although!the!
reported!pKa!of!NTA!is!~3!(pKa!=!3.03,!3.07,!10),!the!surface!appears!to!perturb!the!pKa!to!
~5.5.!As!a!result,!buffered!NiSO4!at!pH!>!6.5!is!necessary!to!efficiently!immobilize!Ni(II)!
to!the!surface.!
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Figure'63:'Goniometric'pH'titration'of'surface'2.6'
5.3.10 Unbinding experiments  
The!unbinding!experiments!were!performed!as!outlined!by!Bowers!et!al.184!
Automated!pulling!experiments!were!carried!out!on!a!customSbuilt!3Saxis!AFM!
composed!of!a!MultiMode!head!(Digital!Instruments,!Santa!Barbara,!CA,!USA)!mounted!
on!an!xyS!and!zSpositioning!stages!(Physik!Instrumente,!Auburn,!MA,!USA).289,!290!At!
least!250!pulls!were!generated!and!the!data!collected!using!an!automated!program.289,!290!
The!sample!surface!was!brought!into!contact!with!the!tip,!held!for!a!dwell!time!of!1!s,!
and!then!retracted!at!a!constant!velocity!of!200!nm•s−1.!The!force!loading!rate!(383!±!183!
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pN•sS1)!was!determined!from!the!cantilever!spring!constant!(120!pN•nmS1)!provided!by!
the!manufacturer!and!the!slope!on!the!force!curve!before!an!unbinding!event;!see!
Supporting!Information!of!Bowers!et!al.184!As!per!our!prior!findings,!pulls!with!contact!
forces!in!excess!of!350!pN!or!below!30!pN!were!removed!for!analysis.!Unblocked!protein!
experiments!(initial!and!washed)!and!His6!unSbinding!experiments!were!carried!out!in!
the!presence!of!PBSST!(30!sL,!see!AFM!cantilever!functionalization!procedure).!For!the!
blocked!experiments,!the!flow!cell!was!initially!flooded!with!30!sL!cellulose!NC!
suspension!(1.6!wt%!in!PBSST,!filtered!through!0.2!sm!PES!membrane).!!After!10!min,!
the!NCs!were!removed!with!PBSST!(10!X!30!sL),!and!the!data!collection!continued.!
Then,!the!NCs!were!removed!with!water!(10!X!30!sL)!and!PBSST!(3!X!30!sL)!and!data!
collection!continued!for!the!washed!experiments.!The!photodetector!was!calibrated!prior!
to!data!collection!so!as!not!to!foul!the!tip!with!excessive!force.!The!data!was!analyzed!
using!a!custom!Matlab!(MathWorks,!Natick,!MA,!USA)!script290!and!the!resulting!
rupture!force!and!length!histograms!were!fit!to!inverse!Gaussian*!distributions!using!the!
Matlab!curve!fitting!toolkit!(Appendix!A).!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
*!Though!the!inverse!Gaussian!function!more!qualitatively!matched!the!generated!histograms,!the!means!
obtained!with!Normal!distribution!functions!were!nearly!identical!in!each!case!to!the!means!from!the!
Gaussian!function.!
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5.4 Production of recombinant cellulases and reducing sugar 
assays 
5.4.1 Expression and purification of wild type and chimeric C. 
cellulolyticum endoglucanase Cel9G 
pET9Gc!and!pET9Gt!plasmids!were!generously!gifted!from!Ed!Bayer!and!HenriS
Pierre!Fierobe.!The!plasmids!were!transformed!into!BL21(DE3)!E.%coli!via!
electroporation,!and!a!single!colony!was!used!to!inoculate!a!starter!culture!of!5!mL!LB!
broth!supplemented!with!50!mg•LS1!ampicillin.!The!culture!was!grown!overnight!at!37!
°C!and!then!added!to!50!mL!LB/Amp!broth.!The!culture!was!agitated!at!200!rpm!and!37!
°C!until!the!cell!density!increased!to!OD600!nm=!1.0.!A!20!mL!aliquot!of!the!starter!culture!
was!added!to!ampicillinScontaining!autoSinduction!media!(500!mL)!and!the!cells!were!
agitated!at!200!rpm!and!25!°C!for!23!hrs.!The!cells!were!collected!by!centrifugation!(5,000!
rpm,!10!min,!4!°C)!and!stored!at!S78!°C.!The!cell!pellets!were!thawed!on!ice!and!reS
suspended!in!lysis!buffer!(25!mM!Tris•HCl,!pH!=!8.0,!1!mg•mLS1!DNaseI,!1!mM!PMSF,!
20!sM!PVS)!with!a!handSheld!tissue!grinder.!The!cells!were!disrupted!by!mechanical!
lysis!in!an!EmulsiflexC5!homogenizer!and!then!held!on!ice!for!45!min.!The!cell!debris!
was!pelleted!by!ultracentrifugation!(40,000!rpm,!45!min,!4!°C)!and!the!supernatant!was!
applied!to!a!NiScharged!HisSbind!IMAC!column.!The!protein!was!isolated!by!FPLC.!A!
linear!gradient!from!5!–!30!mM!imidazole!in!Tris!buffer!(pH!=!8)!over!100!mL!at!4!
mL•minS1!was!applied!to!remove!cellular!impurities,!and!the!continued!elution!to!150!
mM!imidazole!was!required!to!elute!His6Scontaining!Cel9G.!The!protein!was!impure!by!
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SDSSPAGE,!and!the!Cel9G!fractions!were!pooled,!concentrated,!and!buffer!exchanged!
into!QSSepharose!bind!buffer!(25!mM!Tris•HCl,!pH!=!8.0,!5!mM!βSmercaptoethanol,!1!
mM!EDTA)!using!a!30!kMWCO!PES!membrane!centrifugal!concentrator!(ThermoSFisher!
Scientific).!During!the!third!exchange,!the!solution!was!concentrated!to!5!mL!and!loaded!
onto!a!preSequilibrated!QSSepharose!FPLC!column!(2.5!X!15!cm).!The!protein!was!
isolated!in!pure!form!(as!analyzed!by!SDSSPAGE!with!Coomassie!stain)!from!the!
column!upon!linear!elution!from!0!–!230!mM!NaCl!in!bind!buffer!at!5!mL•minS1.!The!
pure!fractions!were!concentrated!to!~2!mL,!supplemented!with!Pepstatin!A!(1!sg•mLS1),!
and!stored!at!4!°C.!Protein!concentration!of!the!concentrate!was!10!–!20!sM!as!
determined!by!the!Edelhoch!method!assuming!εCelG,!GndHCl!=!176,000!cmS1MS1.!
!
5.4.2 Expression and purification of wild type and chimeric C. 
cellulolyticum cellobiohydrolase Cel48F 
pET48Fc!and!pET48Ft!plasmids!were!generously!gifted!from!Ed!Bayer!and!
HenriSPierre!Fierobe.!The!plasmids!were!transformed!into!BL21(DE3)!E.%coli!via!
electroporation,!and!a!single!colony!was!used!to!inoculate!a!starter!culture!of!5!mL!LB!
broth!supplemented!with!50!mg•LS1!ampicillin.!The!culture!was!grown!overnight!at!37!
°C!and!then!added!to!1!L!LB/Amp!broth.!The!culture!was!agitated!at!200!rpm!and!37!°C!
until!the!cell!density!increased!to!OD600!nm=!1.9.!The!culture!was!cooled!to!17!°C!and!
induced!with!IPTG!at!a!final!concentration!of!40!sM.!The!cells!were!agitated!at!200!rpm!
and!17!°C!for!16!hrs.!The!cells!were!collected!by!centrifugation!(5,000!rpm,!10!min,!4!°C)!
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and!stored!at!S78!°C.!The!cell!pellets!were!thawed!on!ice!and!reSsuspended!in!lysis!buffer!
(25!mM!Tris•HCl,!pH!=!8.0,!1!mg•mLS1!DNaseI,!1!mM!PMSF,!20!sM!PVS,!1!sg•mLS1!
Pepstatin!A)!with!a!handSheld!tissue!grinder.!The!cells!were!disrupted!by!mechanical!
lysis!in!an!EmulsiflexC5!homogenizer!and!then!held!on!ice!for!45!min.!The!cell!debris!
was!pelleted!by!ultracentrifugation!(40,000!rpm,!45!min,!4!°C)!and!the!supernatant!was!
applied!to!a!NiScharged!HisSbind!IMAC!column.!The!protein!was!isolated!by!FPLC.!A!
linear!gradient!from!5!–!30!mM!imidazole!in!Tris!buffer!(pH!=!8)!over!100!mL!at!4!
mL•minS1!was!applied!to!remove!cellular!impurities,!and!the!continued!elution!to!150!
mM!imidazole!was!required!to!elute!His6Scontaining!Cel48F.!The!protein!was!impure!by!
SDSSPAGE,!and!the!Cel48F!fractions!were!pooled!and!concentrated!to!800!sL!using!a!30!
kMWCO!PES!membrane!centrifugal!concentrator!(ThermoSFisher!Scientific).!The!
concentration!was!loaded!onto!a!HRSS100!FPLC!gel!filtration!column!(2.5!X!60!cm)!that!
was!preSequilibrated!with!Cel48F!gel!filtration!buffer!(25!mM!Tris•HCl,!pH!=!8.0,!100!
mM!NaCl,!5!mM!bSmercaptoethanol,!1!mM!EDTA,!1!mM!PMSF,!and!1!sg•mLS1!
Pepstatin!A).!The!protein!was!isolated!in!pure!form!(as!analyzed!by!SDSSPAGE!with!
Coomassie!stain)!from!the!column!between!100!–!130!mL!of!eluent!at!1.2!mL•minS1.!The!
pure!fractions!were!concentrated!to!~2!mL,!buffer!exchanged!into!Cel48F!storage!buffer!
(25!mM!Tris•HCl,!pH!=!8.0,!100!mM!NaCl,!and!1!sg•mLS1!Pepstatin!A),!and!stored!at!4!
°C.!Protein!concentration!of!the!concentrate!was!20!–!40!sM!as!determined!by!the!
Edelhoch!method!assuming!εCelF,!GndHCl!=!211,665!cmS1MS1.!
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5.4.3 Reducing sugar assays of cellulase activity 
In!general,!cellulase!activity!on!insoluble!avicel!(aka!avicelase!acvitity)!was!
determined!by!the!discontinuous!colorimetric!quantitation!of!reducing!sugar!content!
from!the!soluble!fraction!at!predetermined!reaction!time!points.!Cellulase!samples!(200!
sL)!were!combined!with!1.8!mL!of!avicelase!reaction!mixture!(8!g•LS1!avicel,!20!mM!Tris!
Maleate,!pH!=!6.04,!100!mM!NaCl,!10!mM!CaCl2),!and!the!slurry!was!incubated!while!
shaking!(200!rpm)!at!37!°C.!Aliquots!(0.4!mL)!were!removed!after!1,!3,!6,!and!16!hrs,!and!
the!reaction!was!quenched!by!submersion!in!a!boiling!water!bath!for!5!min.!The!
insoluble!fraction!was!pelleted!by!centrifugation!at!13,000!rpm!for!10!min!and!the!
supernatant!was!assayed!for!reducing!sugar!content!using!one!of!the!methods!detailed!
below!and!protein!content!using!the!BCA!protein!quantitation!protocol!with!BSA!as!the!
standard!(ThermoSFisher!Scientific).!!
Ferricyanide'or'the'“Prussian'Blue”'method.!The!reducing!sugar!assay!was!performed!
as!described!by!Park!and!Johnson.190!The!avicelase!supernatant!(400!sL)!was!combined!
with!400!sL!ferricyanide!solution!(0.05!wt%!aqueous!potassium!ferricyanide)!and!400!
sL!carbonateScyanide!solution!(1.33!g!Na2CO3!+!0.163!g!KCN!in!250!mL!water).!The!
mixture!was!boiled!in!water!for!15!min!and!cooled!to!rt.!The!mixture!was!combined!with!
2!mL!ferric!iron!solution!(0.015!wt%!ferric!ammonium!sulfate!and!0.01%!SDS!in!0.025!M!
H2SO4)!for!15!min!at!rt.!Enzyme!crossSreaction!led!to!blue!precipitate!formation!that!was!
removed!by!centrifugation!at!13,000!rpm!for!5!min.!The!blue!color!in!the!supernatant!
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was!quantified!spectrophotometrically!at!700!nm!in!comparison!to!a!glucose!standard!
curve.!!
Dinitro'salicylic'acid'method.'The!reducing!sugar!assay!of!Miller291!was!used!as!
described!by!Moretti!and!Thorson.189!The!avicelase!supernatant!(250!sL)!was!added!to!
750!sL!of!DNS!reagent!(1!wt%!DNS,!0.2!wt%!phenol,!and!0.05!wt%!NaHSO3!in!1!wt%!
aqeous!NaOH).!The!mixture!was!heated!in!a!glass!tube!at!100!°C!for!5!min,!and!upon!
cooling,!the!absorbance!at!525!nm!was!measured!against!a!glucose!standard!curve.!!
BCA'reducing'sugar'assay.'The!BCA!reducing!sugar!assay!was!performed!as!described!
above!for!the!quantitation!of!cellodextrin!concentrations!in!CBM3a•cellodextrin!ITC!
studies.!!
p3hydroxybenzhydrazide'(pHBH)'method.'Reducing!sugar!content!was!determined!as!
described!by!Moretti!et!al.189!The!avicelase!supernatant!(40!sL)!was!diluted!with!water!
(60!sL)!and!combined!with!a!freshly!prepared!1:1!mixture!(100!sL)!of!reagent!A!(2!M!
NaOH)!and!reagent!B!(2!wt%!4Shydroxybenzhydrazide!in!0.5!M!HCl)!in!a!96Swell!plate.!
The!plate!was!incubated!at!75!°C!for!30!min,!cooled!to!rt,!and!analyzed!for!light!
absorbance!at!410!nm.!Reducing!sugar!was!quantified!in!reference!to!a!cellobiose!
standard!curve.!!
5.5 Efforts towards the synthesis of a fluorogenic 
cellohexaoside 
!
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Thiophenyl'43O3acetyl33,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→4)33,63O3
benzyl323O3pivaloyl3β3D3glucopyranoside''(3.2):'Method%1:!Donor!3.7!(5.8!g,!9.74!mmol)!
containing!DTBMP!(3.4!g,!16.5!mmol)!and!acceptor!3.6'(3.5!g,!6.53!mmol)!containing!
DTBMP!(3.4!g,!16.5!mmol)!were!separately!dissolved!in!CH2Cl2!and!toluene!and!
concentrated!under!reduced!pressure!and!stored!at!150!mTorr!over!night.!The!donor!
mixture!was!dissolved!in!anhydrous!CH2Cl2!(300!mL)!and!added!to!an!ovenSdried!rb!
flask!containing!powdered!4Å!molecular!sieves!(22!g)!by!cannulation!under!N2!pressure.!
The!acceptor!solution!was!dissolved!in!anhydrous!CH2Cl2!(250!mL)!and!charged!with!
pelleted!4ÅMS!(15!g).!The!mixtures!were!stirred!for!1!hour!at!rt!under!N2.!The!donor!
slurry!was!then!cooled!to!S70°C!over!an!acetone/CO2!bath!and!held!at!this!temperature!
for!10!min.!A!solution!of!Tf2O!in!CH2Cl2!(1!M,!4.86!mL,!4.86!mmol)!was!added!dropSwise!
down!the!side!of!the!reaction!flask!to!the!donor!mixture!and!the!flask!was!warmed!to!S
60°C!(CHCl3/CO2)!and!held!for!15!min.!Meanwhile,!the!acceptor!solution!was!cooled!to!S
70°C!and!then!added!dropSwise!to!the!donor!flask!over!2!hrs!by!cannulation!under!N2!
pressure.!The!flask!was!then!warmed!to!S10°C!over!5!hours.!Consumption!of!the!
acceptor!was!monitored!by!TLC!(Rf!=!0.5;!30%!EtOAc/!hexanes),!and!the!reaction!was!
quenched!with!Et3N!(5mL,!36mmol)!then!filtered!through!celite!and!dried!onto!SiO2!(20!
g)!under!reduced!pressure.!The!crude!was!purified!via!flash!chromatography!over!SiO2!
(220!g,!55!mL/min,!gradient!elution!0!15%!EtoAc/!hexanes).!Residual!DTBMP!(2.5!g,!
37%!recovery)!was!recovered!by!an!initial!elution!with!pure!hexanes,!and!the!major!
!218!
byproduct!(3.6a,!657!mg,!17.4%!yield)!was!isolated!at!~13%!EtOAc/!hexanes.!Desired!
product!(4.02!g,!61.3%!yield)!was!isolated!as!a!white!foam!with!15%!EtOAc/!hexanes!
(isocratic)!followed!by!residual!acceptor!(3.6,!364!mg,!10%!recovery).!
Method%2:!The!title!compound!can!also!be!obtained!by!acetylation!of!compound!3.11!as!
described!below!for!the!formation!of!compound!3.6a.!!
O
OO
AcO
BnO
OPiv
BnO
OPiv
SPh
OBn
OBn
Chemical Formula: C58H68O13S
Exact Mass: 1004.44
Molecular Weight: 1005.23
2 !
3.2:!1H!NMR!(800!MHz,!cdcl3)!δ!7.51!–!7.48!(m,!2H,!arom!Hs),!7.36!–!7.33!(m,!4H,!arom!
Hs),!7.32!–!7.28!(m,!5H,!arom!Hs),!7.28!–!7.22!(m,!10H,!arom!Hs),!7.22!–!7.18!(m,!4H,!arom!
Hs),!5.04!(t,!J!=!8.8!Hz,!1H,!HIIS2),!5.04!(t,!J!=!9.7!Hz,!1H,!HIS2),!5.00!(t,!J!=!9.5!Hz,!1H,!HIIS
4),!4.97!(d,!J!=!11.0!Hz,!1H,!PhCH2),!4.71!(d,!J!=!11.9!Hz,!1H,!PhCH2),!4.62!(d,!J!=!10.1!Hz,!
1H,!HIS1),!4.58!(d,!J!=!11.2!Hz,!2H,!PhCH2),!4.52!(d,!J!=!11.1!Hz,!1H,!PhCH2),!4.51!(d,!J!=!8.0!
Hz,!1H,!HIIS1),!4.49!(d,!J!=!11.9!Hz,!1H,!PhCH2),!4.26!(d,!J!=!11.7!Hz,!1H,!PhCH2),!4.13!(d,!J!
=!11.7!Hz,!1H,!PhCH2),!4.02!(t,!J!=!9.4!Hz,!1H,!HIS4),!3.77!–!3.75!(m,!2H,!HIIS6,!HIIS6’),!3.65!
(t,!J!=!9.0!Hz,!1H,!HIS3),!3.55!(t,!J!=!9.4!Hz,!1H,!HIIS3),!3.42!–!3.39!(m,!2H,!HIS5,!HIIS5),!3.35!
(dd,!J!=!10.8,!3.9!Hz,!1H,!HIS6),!3.19!(dd,!J!=!10.8,!5.7!Hz,!1H,!HIS6’),!1.81!(s,!3H,!AcSHs),!
1.19!(s,!9H,!PivSHs),!1.16!(s,!9H,!PivSHs).!13C!NMR!(126!MHz,!cdcl3)!δ!176.72!,!176.59!(Piv!
C=Os),!169.74!(Ac!C=O),!138.85,!138.24,!138.12,!137.95,!133.40,!132.58,!128.97,!128.67,!
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128.49,!128.44,!128.21,!127.96,!127.91,!127.87,!127.80,!127.63,!127.50,!127.30!(arom!Cs),!
99.67!(CIIS1),!86.75!(CIS1),!82.40!(CIS3),!80.61!(CIIS3),!79.42!(CIIS5),!75.34!(CIS4),!74.99!
(PhCH2),!73.79!(CIS5,!PhCH2),!73.53!(PhCH2),!72.79!(CIS2),!71.20!(CIIS2),!71.02!(CIIS4),!70.04!
(CIS6),!68.23(CIIS6),!38.92,!38.85!(Piv!4˚Cs),!27.42,!27.27!(Piv!CH3),!20.92!(Ac!CH3).!ESI(+)!
HRMS!calcd!for!C58H72NO13S!([M+NH4]+):!1022.4719;!found:!1022.4732.!
!
Thiophenyl'2,3,4,63tetra3O3acetyl3β3D3glucopyranoside'(3.3a):!βSDSglucose!
pentaacetate!(3.3,!30!g,!77!mmol)!was!dissolved!in!CH2Cl2!(300!mL)!at!0°C!and!
thiophenol!(10.2!mL,!100!mmol)!was!added.!After!30!min,!BF3•OEt2!(29!mL,!231!mmol)!
was!added!dropSwise.!The!mix!warmed!to!rt!over!night.!After!16!hrs,!the!light!pink!
solution!was!cooled!to!0°C!and!the!reaction!quenched!with!saturated!aqueous!NaHCO3!
(200!mL)!and!the!product!was!extracted!into!CH2Cl2!(500!mL).!The!extract!was!washed!
with!NaHCO3!(sat,!100!mL)!and!brine!(150!mL)!and!dried!with!anhydrous!Na2SO4.!The!
solution!was!concentrated!to!a!crude!syrup!which!dried!to!a!white!solid!(36!g)!after!
azeotropic!removal!of!moisture!with!toluene!(3!x!20!mL).!The!crude!was!dissolved!in!hot!
toluene!(30!mL)!and!reScrystallized!as!colorless!crystals!upon!cooling!to!rt!(29.7g!,!88%!
yield).!!!
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O
SPhAcOAcO
OAc
OAc
Chemical Formula: C20H24O9S
Exact Mass: 440.11
Molecular Weight: 440.46
3a !
3.3a:!1H!NMR!(500!MHz,!cdcl3)!δ!7.54!–!7.45!(m,!2H,!arom!Hs),!7.38!–!7.25!(m,!3H,!arom!
Hs),!5.23!(t,!J!=!9.4!Hz,!1H,!HS3),!5.05!(t,!J!=!9.8!Hz,!1H,!HS4),!4.98!(t,!J!=!9.7!Hz,!1H,!HS2),!
4.72!(d,!J!=!10.1!Hz,!1H,!HS1),!4.23!(A!of!an!ABX!system,!J=!12.3,!5.3!Hz,!1H,!HS6),!4.19!(B!
of!an!ABX!system,!J=!12.3,!2.0!Hz,!1H,!HS6’),!3.74!(X!of!an!ABX!system,!apparent!ddd,!J!=!
10.0,!5.3,!2.0!Hz,!1H),!2.09!(s,!3H,!AcSHs),!2.08!(s,!3H,!AcSHs),!2.02!(s,!3H,!AcSHs),!1.99!(s,!
3H,!AcSHs).!13C!NMR!(100!MHz,!cdcl3)!δ!170.52,!170.13,!169.38,!169.22,!133.10,!131.65,!
128.95,!128.42,!85.67,!75.78,!73.96,!69.94,!68.22,!62.14,!20.76,!20.60.!ESI(+)!HRMS!calcd!for!
C20H28NO9S!([M+NH4]+):!458.1479;!found:!1022.4732.!!
!
Thiophenyl'2,3,4,63tetra3O3trimethylsilyl3β3D3glucopyranoside'(3.4):!Compound!3.3a!
(15!g,!34!mmol)!was!dissolved!in!methanol!!(150!mL)!and!25!wt%!NaOCH3!in!methanol!
(0.74!mL,!3.4!mmol)!was!added.!The!mixed!stirred!at!rt!for!20!hrs,!and!DOWEX[H+,!50W]!
(1.8!g)!was!added,!resulting!in!a!solution!pH!near!4!by!wet!pH!paper.!Activated!charcoal!
was!added!and!the!slurry!filtered!through!celite!and!concentrated!to!a!white!solid!(10.9!
g).!The!crude!was!dissolved!in!1,4Sdioxane!(10!mL)!and!titrated!while!hot!with!toluene!
(15!mL)!until!cloudy.!The!mix!cooled!to!rt,!forming!a!white,!crystalline!solid!(thiophenyl!
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βSDSglucopyranoside!(3.3b),!9.2!g,!99%!yield).!The!solid!was!then!dissolved!in!
anhydrous!pyridine!(66!mL)!at!0°C!and!TMSCl!(21.7!mL,!170!mmol)!was!added!dropS
wise.!The!mix!warmed!to!rt!and!stirred!over!night.!The!reaction!was!quenched!by!
pouring!over!iced!NH4Cl!(sat,!250!mL).!The!mixture!was!extracted!with!hexanes!(3!x!200!
mL),!and!the!extracts!washed!with!aqueous!NH4Cl!(3!x!100!mL)!and!brine!(200!mL)!and!
then!dried!over!anhydrous!Na2SO4!before!concentrating!to!an!oil.!The!oil!was!
concentrated!in!toluene!on!the!rotary!evaporator,!and!the!product!crystallized!as!
colorless,!glassy!crystals!during!storage!at!4°C!(19!g,!98%!yield).!!
O
SPhHOHO
OH
OH
Chemical Formula: C12H16O5S
Exact Mass: 272.07
Molecular Weight: 272.32
3b !
3.3b:!1H!NMR!(500!MHz,!d2o)!δ!7.49!(d,!J!=!7.9!Hz,!2H,!arom!Hs),!7.35!–!7.26!(m,!2H,!
arom!Hs),!4.69!(d,!J!=!9.9!Hz,!1H,!HS1),!3.81!(d,!J!=!12.4!Hz,!1H,!HS6),!3.64!(dd,!J!=!12.5,!5.3!
Hz,!1H,!HS6’),!3.45!(t,!J!=!8.8!Hz,!1H,!HS3),!3.40!–!3.31!(m,!2H,!HS4,!HS5),!3.28!(t,!J!=!9.4!Hz,!
1H,!HS2).!13C!NMR!(100!MHz,!d2o)!δ!132.02,!131.58,!129.32,!128.07,!87.26,!79.84,!77.21,!
71.72,!69.33,!60.79.!ESI(+)!HRMS!calcd!for!C12H16NaO5S!([M+Na]+):!295.0611;!found:!
295.0610.!!
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O
SPhTMSOTMSO
OTMS
OTMS
Chemical Formula: 
C24H48O5SSi4
Exact Mass: 560.23
Molecular Weight: 561.04
4 !
3.4:!1H!NMR!(500!MHz,!cdcl3)!δ!7.54!(d,!J!=!8.2!Hz,!2H,!arom!Hs),!7.30!–!7.24!(m,!2H,!
arom!Hs),!7.24!–!7.19!(m,!1H,!arom!H),!4.65!(d,!J!=!8.4!Hz,!1H,!HS1),!3.83!(dd,!J!=!11.1,!1.3!
Hz,!1H,!HS6),!3.65!(dd,!J!=!11.1,!6.4!Hz,!1H,!HS6’),!3.53!–!3.42!(m,!2H,!HS3,!HS4,!HS5),!3.32!
(t,!J!=!6.0!Hz,!1H,!HS2),!0.26!(s,!9H,!SiCH3),!0.19!(s,!9H,!SiCH3),!0.18!(s,!9H,!SiCH3),!0.12!(s,!
9H,!SiCH3).!13C!NMR!(100!MHz,!cdcl3)!δ!135.87!(s),!130.56,!128.83,!126.78,!89.39,!81.42,!
80.03,!75.24,!71.78,!62.75,!1.84,!1.52,!1.07,!S0.15.!ESI(+)!HRMS!calcd!for!C24H52NO5SSi4!
([M+NH4]+):!578.2638;!found:!578.2636.!
!
Thiophenyl'33O3benzyl34,63O3benzylidene3β3D3glucopyranoside'(3.5):'Compound!3.4!
(1.71!g,!3.04!mmol)!was!dissolved!in!CH2Cl2!(6.1!mL),!combined!with!benzaldehyde!(0.68!
mL,!6.69!mmol),!and!cooled!to!0°C.!A!freshlySprepared!solution!of!newlySdried!Cu(OTf)2!
in!acetonitrile!!(74!mM,!1.42!mL,!0.106!mmol)!was!added!dropSwise!over!5!min!and!the!
mix!warmed!to!rt!over!30!min!and!then!to!30°C.!After!1!hr,!TLC!(9:1!Hexanes/EtOAc)!
indicated!no!remaining!starting!material,!and!the!mixture!was!cooled!to!0°C.!
Triethylsilane!(0.53!mL,!3.34!mmol)!was!added!dropSwise,!and!the!mix!stirred!for!45!min!
at!0°C!until!the!newly!formed!intermediate!was!consumed!as!monitored!by!TLC!(Rf!=!
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0.6,!4:1!hexanes/!EtOAc).!The!solution!often!became!pink!during!this!process.!Then!a!
TBAF!solution!in!THF!(1!M,!6.1!mL,!6.1!mmol)!and!solid!NaHCO3!(510!mg,!6.1!mmol)!
was!added!to!the!reaction,!and!mix!(now!orange)!warmed!to!rt.!After!30!min,!the!
mixture!was!diluted!with!CH2Cl2!(300!mL)!and!washed!with!aqueous!10%!NaHCO3!(50!
mL),!water!(2!x!50!mL),!and!brine!(60!mL).!The!solution!was!dried!over!Na2SO4!and!
concentrated!to!a!tan!powder!(2!g).!The!crude!was!dissolved!in!hot!ethanol!(3!mL)!and!
cooled!to!rt,!to!yield!product!as!white,!feathery!crystals!(983!mg,!72%!yield).!More!
product!was!isolated!by!flash!chromatography!by!elution!over!silica!gel!to!9:1!hexanes/!
EtOAc!(186!mg,!13.6%).!
O
SPhOBnO
OH
OPh
Chemical Formula: C26H26O5S
Exact Mass: 450.15
Molecular Weight: 450.55
5 !
3.5:!1H!NMR!(500!MHz,!cdcl3)!δ!7.52!–!7.41!(m,!4H,!arom!Hs),!7.38!–!7.21!(m,!11H,!arom!
Hs),!5.52!(s,!1H,!PhCH(OR)2),!4.91!(d,!J!=!11.6!Hz,!1H,!PhCH2),!4.75!(d,!J!=!11.6!Hz,!1H,!
PhCH2),!4.59!(d,!J!=!9.7!Hz,!1H,!HS1),!4.34!(dd,!J!=!10.5,!5.0!Hz,!1H,!HS6),!3.75!(t,!J!=!10.3!
Hz,!1H,!HS4),!3.67!–!3.58!(m,!2H,!HS3,!HS6’),!3.51!–!3.42!(m,!2H,!HS2,!HS5),!2.59!(d,!J!=!2.2!
Hz,!1H,!OH).!13C!NMR!(126!MHz,!cdcl3)!δ!138.27,!137.28,!133.24,!131.45,!129.13,!128.56,!
128.43,!128.36!(2C),!128.20,!127.97,!126.10,!101.32,!88.53,!81.71,!81.18,!74.89,!72.33,!70.80,!
68.71.!ESI(+)!HRMS!calcd!for!C26H26NaO5S!([M+Na]+):!473.1393;!found:!473.1394.!
!
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Thiophenyl'33O3benzyl34,63O3benzylidene323O3pivaloyl3β3D3glucopyranoside'(3.5a):'
Alcohol!3.5!(6.74!g,!12!mmol),!Et3N!(8.3!mL,!60!mmol),!and!DMAP!(1.46!g,!12!mmol)!
were!combined!in!CH2Cl2!(40!mL)!and!cooled!to!0°C.!PivCl!(5.9!mL,!48!mmol)!was!
added!and!the!mix!warmed!to!rt.!After!5.5!hrs,!reaction!mixture!was!poured!over!iced!
10%!NaHCO3!(200!mL)!and!extracted!with!CH2Cl2!(3!x!100!mL).!The!extracts!were!
washed!with!10%!K2CO3!(2!x!100!mL),!10%!NaHCO3!(2!x!100!mL),!water!(2!x!100!mL),!
and!brine!(150!mL).!The!solution!was!dried!over!anhydrous!Na2SO4!and!concentrated!to!
a!powder.!The!powder!was!dissolved!in!hot!ethanol!upon!titration!with!chloroform!and!
recrystallized!upon!cooling!to!rt!to!yield!pure!product!(6.19!g,!97%)!as!white!crystals.!!
O
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Chemical Formula: C31H34O6S
Exact Mass: 534.21
Molecular Weight: 534.67
5a '
3.5a:!1H!NMR!(500!MHz,!cdcl3)!δ!7.48!–!7.41!(m,!4H,!arom!Hs),!7.39!–!7.17!(m,!11H,!arom!
Hs),!5.54!(s,!1H,!PhCH(OR)2),!5.07!(dd,!J!=!9.5,!8.8!Hz,!1H,!HS2),!4.85!(d,!J!=!11.5!Hz,!1H,!
PhCH2),!4.73!(d,!J!=!10.1!Hz,!1H,!HS1),!4.63!(d,!J!=!11.5!Hz,!1H,!PhCH2),!4.37!(dd,!J!=!10.5,!
5.0!Hz,!1H,!HS6),!3.82!–!3.70!(m,!3H,!HS3,!HS4,!HS6’),!3.50!(apparent!td,!J!=!9.5,!5.0!Hz,!1H,!
HS5),!1.21!(s,!9H,!PivSHs).!13C!NMR!(126!MHz,!cdcl3)!δ!176.61,!138.11,!137.25,!132.78,!
132.67,!129.12,!129.06,!128.36,!128.25,!127.67,!127.58,!126.10,!101.32,!87.36,!81.31,!80.50,!
74.63,!71.07,!70.63,!68.67,!38.84,!27.26.!ESI(+)!HRMS!calcd!for!C31H38NO6S!([M+NH4]+):!
552.2414;!found:!552.2414.!
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!
Thiophenyl'3,63O3benzyl323O3pivaloyl3β3D3glucopyranoside'(3.6):!Compound!3.5a!
(4.75!g,!8.9!mmol)!was!combined!with!sodium!cyanoborohydride!(5.59!g,!89!mmol)!and!
4Å!molecular!sieves!(1.5!g)!in!anhydrous!THF!(120!mL).!The!slurry!was!cooled!to!0°C!
and!dry!HCl!in!dioxane!(4!M,!22.3!mL,!89!mmol)!was!added!dropSwise!over!2!hrs,!
resulting!in!pH!~!2S3.!The!mixture!was!warmed!to!rt!over!30!min!and!stirred!at!rt!for!30!
min!until!no!starting!material!remained!by!TLC!(4:1!hexanes/!EtOAc).!The!mixture!was!
filtered!through!celite!into!iceScold,!aqueous!10%!NaHCO3!(75!mL)!and!then!extracted!
into!EtOAc!(3!x!100!mL).!The!extracts!were!washed!with!water!(3!x!100!mL)!and!brine!
(120!mL)!then!dried!over!Na2SO4!and!concentrated!under!reduced!pressure!onto!silica!
gel!(15!g).!The!product!was!isolated!by!flash!chromatography!by!elution!to!15%!EtoAc/!
hexanes!over!SiO2!(24!g,!35!ml/min)!to!yield!desired!product!as!a!colorless!foam!(4.33!g,!
91%!yield).!!
O
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Chemical Formula: C31H36O6S
Exact Mass: 536.22
Molecular Weight: 536.68
6 !
3.6:!1H!NMR!(500!MHz,!cdcl3)!δ!7.38!–!7.32!(m,!4H,!arom!Hs),!7.23!–!7.07!(m,!11H,!arom!
Hs),!4.92!(t,!J!=!9.6!Hz,!1H,!HS2),!4.58,!4.54!(ABq,!J!=!11.3!Hz,!2H,!PhCH2),!4.52!(d,!J!=!10.1!
Hz,!1H,!HS1),!4.43,!4.41!(ABq,!J!=!11.9!Hz,!2H,!PhCH2),!3.65!(A!of!an!ABX!system,!J!=!10.5,!
3.7!Hz,!1H,!HS6),!3.61!(B!of!an!ABX!system,!J!=!10.5,!5.5!Hz,!1H,!HS6’),!3.56!(t,!J!=!9.3!Hz,!
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1H,!HS3),!3.43!(t,!J!=!9.0!Hz,!1H,!HS4),!3.39!(X!of!ABX,!apparent!m,!1H,!HS5),!2.62!(s,!1H,!
OH),!1.10!(s,!9H,!PivSHs).!13C!NMR!(126!MHz,!cdcl3)!δ!176.88,!138.15,!137.95,!133.53,!
132.26,!128.99,!128.65,!128.55,!127.98,!127.89,!127.83,!127.66,!86.92,!84.31,!78.50,!74.80,!
73.80,!71.51,!71.25,!70.37,!38.91,!27.30.!
!
Phenyl'(43O3acetyl33,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl)sulfoxide'(3.7a'&'
3.7b):'Compound!3.6!(5.22!g,!9.74!mmol)!was!combined!with!Et3N!(2!mL,!14.6!mmol)!
and!DMAP!(118!mg,!0.97!mmol)!in!CH2Cl2!(75!mL)!and!the!mixture!was!stirred!in!open!
atmosphere!at!rt.!Acetic!anhydride!(1.1!mL,!11.7!mmol)!!was!added!and!the!mixture!
stirred!for!1:45!hrs.!The!mix!was!diluted!with!CH2Cl2!(400!mL),!and!washed!with!10%!
NaHCO3!(100!mL),!water!(3!x!100!mL),!and!brine!(100!mL).!The!solution!was!dried!over!
Na2SO4,!and!the!solvents!were!removed!under!reduced!pressure!to!yield!pure!
thiophenyl!4SOSacetylS3,6SOSbenzylS2SOSpivaloylSβSDSglucopyranoside!(3.6a,!5.6!g,!
100%)!as!a!white!solid.!The!solid!was!dissolved!in!anhydrous!CH2Cl2!(160!mL)!and!
cooled!to!S10°C!with!iced!brine.!After!10!min,!solid!mCPBA!(~75%,!2.4!g,!10.7!mmol)!was!
added!to!the!mixture!and!the!mixture!stirred!in!open!atmosphere!for!45!min!while!
warming!to!S5°C.!When!starting!material!(3.6a)!had!been!consumed!on!TLC!(Rf!=!0.6;!
30%!EtOAc/!hexanes)!the!reaction!was!poured!over!iced!10%!NaHCO3!(100!mL)!and!
extracted!into!CH2Cl2!(300!mL).!The!extracts!were!washed!with!10%!NaHCO3!(100!mL),!
1M!Na2S2O3!(50!mL),!5%!NaHCO3!(100!mL),!and!brine!(150!mL).!The!solution!was!dried!
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over!Na2SO4!and!coSevaporated!with!toluene!under!reduced!pressure!to!yield!the!title!
compound!(5.67!g,!waxy!white!solid,!98%)!as!a!mixture!of!sulfoxide!diasteromers.!!
O
SPhAcOBnO
OPiv
OBn
Chemical Formula: 
C33H38O7S
Exact Mass: 578.23
Molecular Weight: 578.72
6a !
3.6a:!1H!NMR!(400!MHz,!CDCl3)!δ!7.53!–!7.48!(m,!1H,!arom!Hs),!7.37!–!7.17!(m,!7H,!arom!
Hs),!5.13!(dd,!J!=!10.0,!9.2!Hz,!1H,!HS2),!5.06!(t,!J!=!9.5!Hz,!1H,!HS4),!4.70!(d,!J!=!10.1!Hz,!
1H,!HS1),!4.65!(d,!J!=!11.2!Hz,!1H,!PhCH2),!4.56!–!4.49!(m,!3H,!PhCH2),!3.77!(t,!J!=!9.2!Hz,!
1H,!HS3),!3.70!–!3.55!(m,!3H,!HS5,6,6’),!1.85!(s,!3H,!AcSHs),!1.25!(s,!9H,!PivSHs).!13C!NMR!
(75!MHz,!cdcl3)!δ!176.64!(Piv!C=O),!169.71!(Ac!C=O),!138.04,!137.91!(4˚!arom!Cs),!133.44!
(CSPh!4˚!arom),!132.24,!129.04,!128.49,!127.94,!127.90,!127.81,!127.57!(arom!Cs),!86.87!(CS1),!
81.98!(CS3),!77.97!(CS5),!73.97,!73.75!(PhCH2),!71.07,!70.48,!69.94!(CS2,4,6),!38.90!(4˚!Piv!C),!
27.30!(Piv!CH3),!20.89!(Ac!CH3).!ESI(+)!HRMS!calcd!for!C33H42NO7S!([M+NH4]+):!
596.2676;!found:!596.2675.!!
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Chemical Formula: C33H38O8S
Exact Mass: 594.23
Molecular Weight: 594.72
7a !
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3.7a:!(less!polar!sulfoxide)!!1H!NMR!(500!MHz,!cdcl3)!δ!7.63!–!7.59!(m,!2H,!arom!Hs),!7.43!
–!7.39!(m,!3H,!arom!Hs),!7.33!–!7.21!(m,!7H,!arom!Hs),!7.17!(t,!J!=!7.2!Hz,!3H,!arom!Hs),!
5.45!(t,!J!=!9.3!Hz,!1H,!HS2),!4.99!(t,!J!=!9.2!Hz,!1H,!HS4),!4.61,!4.53!(ABq,!J!=!11.1!Hz,!2H,!
PhCH2),!4.30,!4.26!(ABq,!J!=!11.7!Hz,!2H,!PhCH2),!4.20!(d,!J!=!9.7!Hz,!1H,!HS1),!3.84!(t,!J!=!
9.0!Hz,!1H,!HS3),!3.59!–!3.42!(m,!3H,!HS5,!HS6,!HS6’),!1.81!(s,!3H,!AcSHs),!1.24!(s,!9H,!PivS
Hs).!13C!NMR!(126!MHz,!cdcl3)!δ!176.24,!169.54,!139.44,!137.91,!131.59,!129.04,!128.52,!
128.45,!127.89,!127.83,!127.66,!125.65,!91.08,!81.39,!79.07,!73.70,!73.40,!69.75,!68.18,!29.84,!
27.27,!20.82.!ESI(+)!HRMS!calcd!for!C33H38NaO8S!([M+Na]+):!617.2180;!found:!617.2181.!!
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Chemical Formula: C33H38O8S
Exact Mass: 594.23
Molecular Weight: 594.72
7b '
3.7b:!(more!polar!sulfoxide)!1H!NMR!(500!MHz,!cdcl3)!δ!7.76!–!7.67!(m,!2H,!arom!Hs),!
7.46!–!7.33!(m,!4H,!arom!Hs),!7.29!–!7.09!(m,!9H,!arom!Hs),!5.09!(t,!J!=!8.8!Hz,!1H,!HS2),!
4.84!(t,!J!=!9.1!Hz,!1H,!HS4),!4.61!(d,!J!=!11.3!Hz,!1H,!PhCH2),!4.49!(d,!J!=!11.3!Hz,!1H,!
PhCH2),!4.38!(d,!J!=!9.4!Hz,!1H,!HS1),!4.27!(ABq,!J!=!11.8!Hz,!2H,!PhCH2),!3.72!(t,!J!=!8.4!
Hz,!1H,!HS3),!3.58!(Apparent!dt,!J!=!9.4,!4.3!Hz,!1H,!HS5),!3.43!–!3.34!(m,!2H,!HS6,!HS6’),!
1.75!(s,!3H,!AcSHs),!1.18!(s,!9H,!PivSHs).!13C!NMR!(126!MHz,!cdcl3)!δ!176.93,!169.44,!
138.48,!137.90,!137.58,!131.93,!128.81,!128.55,!128.46,!127.96,!127.86,!127.82,!127.61,!126.62,!
93.43,!81.20,!78.10,!74.24,!73.82,!69.85,!69.23,!69.07,!39.04,!27.23,!20.83.!ESI(+)!HRMS!calcd!
for!C33H38NaO8S!([M+Na]+):!617.2180;!found:!617.2186.!
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!
Thiophenyl'2,3,4,63O3tetra(trimethylsilyl)3β3D3glucopyranosyl3(1→ 4)32,3,63O3
tri(trimethylsilyl)3β3D3glucopyranoside'(3.8):'Thiophenyl!heptaacetylSβSDScellobioside!
is!commercially!available!(Abacipharm!Corporation,!Columbia,!MD,!USA)!or!can!be!
prepared!from!the!biphasic!substitution!reaction!with!thiophenol!and!
acetobromocellobiose!(vide!infra).292<294!Thiophenyl!heptaacetylSβSDScellobioside!(7.56!g,!
10.4!mmol)!was!stirred!in!methanol!(75!mL)!under!Ar!at!rt.!A!solution!of!sodium!
methoxide!in!methanol!(1.9!M,!2.73!mL,!5.19!mmol)!was!added!dropSwise!and!the!
mixture!stirred!at!rt!for!16!hours.!The!reaction!was!quenched!with!acetic!acid!(1!mL)!and!
coSrotovapped!with!toluene!to!yield!a!white!foam.!The!foam!was!combined!with!
imidazole!(707!mg,!10.4!mmol)!and!dissolved!in!DMF!(75!mL)!at!rt!under!Ar.!Et3N!(29!
mL,!207.6!mmol)!was!added!and!the!mixture!was!cooled!to!0°C.!TMSCl!(21!mL,!166!
mmol)!was!added!with!an!addition!funnel!over!30!min.!The!reaction!was!complete!after!
2.5!hrs!at!rt.!The!mixture!was!poured!over!iced!sodium!bicarbonate!(~5%,!300!mL)!and!
extracted!with!Et2O!(3!X!200!mL).!The!extracts!were!washed!with!10%!NaHCO3!(200!
mL),!water!(3!X!200!mL)!and!brine!(200!mL)!then!dried!over!MgSO4.!The!ether!was!
removed!under!vacuum,!and!the!crude!reside!was!dissolved!in!minimal!EtOAc!and!
recrystallized!from!hot!EtOH!(30!mL).!The!title!compound!was!obtained!as!colorless!
crystals!(8.98!g,!92%!yield).!!
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Chemical Formula: C39H82O10SSi7
Exact Mass: 938.40
Molecular Weight: 939.73
8 '
3.8:!1H!NMR!(400!MHz,!cdcl3)!δ!7.55!–!7.49!(m,!2H,!arom!Hs),!7.30!–!7.19!(m,!3H,!arom!
Hs),!4.55!(d,!J!=!9.0!Hz,!1H,!HIS1),!4.40!(d,!J!=!7.3!Hz,!1H,!HIIS1),!3.89!–!3.75!(m,!4H,!HIS
4,6,6’,!HIIS6),!3.59!(dd,!J!=!10.9,!5.8!Hz,!1H,!HIIS6’),!3.54!–!3.44!(m,!2H,!HIS2,3),!3.36!–!3.19!
(m,!4H,!HIS5,!HIIS2,3,4),!3.17!–!3.09!(m,!1H,!HIIS5),!0.22!(s,!9H,!SiSCHs),!0.18!–!0.11!(m,!54H,!
SiSCHs).!13C!NMR!(101!MHz,!cdcl3)!δ!135.27,!131.39,!128.83,!127.05![arom!Cs],!101.41!(CIIS
1),!89.39!(CIS1),!80.21!(CIS5),!78.68!(CIS3),!78.50!(CIIS3),!77.69!(CIIS5),!75.77!(CIS2),!75.18!(CIIS
2),!73.87!(CIS4),!72.04!(CIIS4),!62.49!(CIIS6),!61.27!(CIS6),!1.71,!1.67,!1.51,!1.49,!1.18,!0.01!(2C)!
[SiSCs].!
!
Thiophenyl'33O3benzyl34,63O3benzylidene3β3D3glucopyranosyl3(1→ 4)33,63O3benzyl3
β3D3glucopyranoside'(3.9):!Compound!3.8!(5.91!g,!6.29!mmol)!was!dissolved!in!
anhydrous!dichloromethane!(25!mL)!under!Ar.!Benzaldehyde!(2.8!mL,!27.68!mmol)!was!
added!and!the!mixture!cooled!to!0°C.!A!freshly!prepared!solution!of!copper(II)!
trifluoromethanesulfonate!(137!mg,!0.377!mmol)!in!anhydrous!acetonitrile!(6.3!mL)!was!
added!dropSwise!over!5!min.!The!mix!stirred!for!1!hr!at!0°C!and!30!min!at!rt,!at!which!
point,!the!starting!material!was!consumed!as!monitored!by!TLC!(10%!EtOAc/!hexanes).!
The!mixture!was!cooled!again!to!0°C,!and!triethylsilane!(3.1!mL,!19.5!mmol)!was!added!
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dropSwise!using!an!addition!funnel!over!5—10!min.!The!mixture!stirred!at!0°C!for!1!
hour,!and!solid!sodium!bicarbonate!(2.32!g,!27.68!mmol)!was!added.!A!solution!of!
tetrabutylammonium!fluoride!in!THF!(1!M,!27.7!mL,!27.68!mmol)!was!added!and!the!
mixture!stirred!while!warming!to!rt!over!2.5!hours.!The!mixture!was!diluted!with!
dichloromethane!(600!mL)!and!washed!with!water!(3!X!200!mL)!and!brine!(200!mL).!The!
organic!layer!was!dried!over!Na2SO4!and!concentrated!under!vacuum!onto!SiO2!(8!g).!
The!product!was!purified!via!flash!chromatography!(125!g!SiO2,!0—20%!EtoAc/!hexanes)!
and!isolated!as!a!colorless!foam.!The!foam!was!crystallized!from!EtOAc!(5!mL)!and!hot!!
EtOH!(35!mL),!yielding!pure!3.9!(2.08!g,!41.8%!yield)!as!colorless!crystals.!!
O
OO
O
BnO
OH
BnO
OH
SPh
OBn
OPh
Chemical Formula: C46H48O10S
Exact Mass: 792.30
Molecular Weight: 792.94
9 '
3.9:!1H!NMR!(500!MHz,!cdcl3)!δ!7.55!–!7.51!(m,!2H,!arom!Hs),!7.46!–!7.42!(m,!2H,!arom!
Hs),!7.37!–!7.20!(m,!21H,!arom!Hs),!5.44!(s,!1H,!PhCH),!4.93!–!4.81!(m,!2H,!PhCH2),!4.76!
(d,!J!=!11.7!Hz,!1H,!PhCH2),!4.64!(dd,!J!=!16.8,!9.6!Hz,!2H,!PhCH2,!HIIS1),!4.55!(d,!J!=!11.9!
Hz,!1H,!PhCH2),!4.45!(d,!J!=!9.6!Hz,!1H,!HIS1),!4.02!–!3.90!(m,!3H,!HIS6,6’,!HIIS4),!3.80!(d,!J!=!
10.4!Hz,!1H,!HIIS6),!3.60!–!3.39!(m,!7H,!HIS2S5,!HIIS2,3,4,6’),!3.33!(s,!1H,!OH),!3.13!
(apparent!td,!J!=!9.5,!5.0!Hz,!1H,!HIIS5),!2.63!(s,!1H,!OH).!13C!NMR!(126!MHz,!cdcl3)!δ!
138.79,!138.50,!137.81,!137.33!(4˚!arom!Cs),!133.26!(arom!C),!131.45!(arom!SSC),!128.98,!
128.46,!128.41,!128.24,!127.98,!127.95,!127.88,!127.75,!127.65,!127.26,!126.07!(arom!Cs),!
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103.60!(CIIS1),!101.16!(PhCH),!87.79!(CIS1),!84.74!(CIS5),!81.25!(CIIS3),!80.38!(CIS3),!79.07!(CIIS
4),!76.85!(CIIS2),!75.18!(CIS4),!74.96!(PhCH2),!74.54!(PhCH2),!73.62!(PhCH2),!72.23!(CIS2),!
68.62!(CIS6),!68.51!(CIIS6),!66.36!(CIIS5).!
!
Thiophenyl'3,3O3benzyl34,63O3benzylidene323O3pivaloyl3β3D3glucopyranosyl3(1→4)3
3,63O3benzyl323O3pivaloyl3β3D3glucopyranoside'(3.10):'!Compound!3.9!(1.21!g,!1.53!
mmol)!was!dissolved!in!dry!acetonitrile!(6.1!mL)!in!a!flameSdried!flask!under!Ar.!Pivalic!
anhydride!(???)!was!added.!The!solution!was!cooled!to!0°C!and!a!solution!of!
scandium(III)!trifluoromethanesulfonate!in!acetonitrile!(0.1!M,!0.77!mL,!0.077!mmol)!was!
added!dropSwise.!The!reaction!stirred!for!3!hrs,!warming!to!4°C!until!completion.!The!
mixture!was!poured!into!10%!NaHCO3!(75!mL)!and!extracted!with!EtOAc!(3!X!100!mL).!
The!extracts!were!washed!with!water!(2!X!75!mL)!and!brine!(50!mL)!then!dried!over!
Na2SO4.!The!solvents!were!removed!under!vacuum,!and!the!product!was!recrystallized!
from!hot!EtOH!(25!mL),!forming!white,!fibrous!crystals!(1.16!g,!79%!yield).!
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Chemical Formula: C56H64O12S
Exact Mass: 960.41
Molecular Weight: 961.18
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3.10:!1H!NMR!(500!MHz,!cdcl3)!δ!7.51!–!7.48!(m,!2H,!arom!Hs),!7.45!–!7.42!(m,!2H,!arom!
Hs),!7.39!–!7.21!(m,!21H,!arom!Hs),!5.40!(s,!1H,!PhCH),!5.06!–!4.97!(m,!2H,!HIS2,!HIIS2),!
4.91!(d,!J!=!11.0!Hz,!1H,!PhCH2),!4.87!(d,!J!=!11.6!Hz,!1H,!PhCH2),!4.72!(d,!J!=!11.9!Hz,!1H,!
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PhCH2),!4.64!–!4.52!(m,!4H,!HIS1,!HIIS1,!PhCH2),!4.47!(d,!J!=!11.9!Hz,!1H,!PhCH2),!4.14!–!
4.05!(m,!2H,!HIS4,!HIIS6),!3.81!–!3.73!(m,!2H,!HIS6,6’),!3.67!–!3.54!(m,!3H,!HIS3,!HIIS3,4),!3.39!
(bd,!J!=!9.7!Hz,!1H,!HIS5),!3.27!(t,!J!=!10.2!Hz,!1H,!HIIS6’),!3.23!–!3.17!(m,!1H,!HIIS5),!1.20!(s,!
9H,!PivSHs),!1.15!(s,!9H,!PivSHs).!13C!NMR!(126!MHz,!cdcl3)!δ!176.64,!176.56!(C=0s),!
138.81,!138.18,!137.98,!137.30,!133.00!(4˚!arom!Cs),!132.75,!129.03,!128.88,!128.61,!128.28,!
128.15,!128.08,!128.01,!127.93,!127.56,!127.40,!127.30,!127.22,!126.06!(arom!Cs),!101.17!
(PhCH),!100.00!(CIIS1),!86.50!(CIS1),!82.18!(CIS4),!81.74!(CIIS4),!79.27!(CIS5),!79.09!(CIIS3),!
75.11!(CIS4),!74.81,!74.21,!73.72!(PhCH2),!73.16!(CIIS2),!70.90!(CIS2),!68.50!(CIIS6),!68.06!(CIS
6),!66.02!(CIIS5),!38.81,!38.76!(Piv!4˚Cs),!27.31,!27.20!(PivCH3).!
!
Thiophenyl'3,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→4)33,63O3benzyl323O3
pivaloyl3β3D3glucopyranoside'(3.11):'!Method%1:!Disaccharide!3.2!(437!mg,!0.44!mmol)!
was!dissolved!in!a!mixture!of!ethanol!and!CH2Cl2!(7:1,!2.2!mL)!and!an!equal!volume!of!
guanidine!(200!mM,!2.2!mL,!0.44!mmol)!in!the!same!ethanol/CH2Cl2!mixture!was!added.!
Methanolic!NaOCH3!(1.9!M,!47!sL,!0.09!mmol)!was!added!and!the!mixture!was!stirred!
in!open!atmosphere!for!22!hrs.!The!mixture!was!diluted!with!CH2Cl2!(250!mL)!and!
washed!with!10%!NaHCO3!(50!mL),!water!(3!x!50!mL),!and!brine!(60!mL)!and!then!dried!
over!anhydrous!MgSO4.!The!solution!was!concentrated!under!reduced!pressure!to!
afford!pure!product!as!a!white!foam!(381!mg,!91%!yield).!!
!234!
Method%2:!Sodium!cyanoborohydride!(111!mg,!1.77!mmol)!was!combined!with!4Å!MS!
(200!mg)!in!a!flameSdried!flask!under!Ar.!A!solution!of!compound!3.10!(170!mg,!0.177!
mmol)!in!anhydrous!THF!(5!mL)!was!added!to!the!reaction!flask!and!the!mixture!was!
stirred!at!rt!for!45!min.!The!reaction!was!cooled!to!0°C!and!a!solution!of!HCl!in!dioxane!
(4!M,!0.44!mL,!1.77!mmol)!was!added!dropSwise!over!45!min,!resulting!in!a!solution!pH!
of!~2.5.!The!mixture!slowly!warmed!to!rt!over!3!hrs,!at!which!point!no!SM!remained!by!
TLC!(30%!EtOAc/!hexanes).!Solid!NaHCO3!(300!mg)!was!added!to!quench!the!acid,!and!
the!mixture!was!filtered!through!celite.!The!filtrate!was!diluted!with!EtOAc!(150!mL)!
and!washed!with!10%!NaHCO3!(50!mL),!water!(3!X!50!mL),!and!brine!(50!mL).!The!
organic!layer!was!dried!over!Na2SO4!and!concentrated!onto!SiO2!(500!mg)!under!
vacuum.!The!product!was!purified!by!flash!chromatography!(12!g!SiO2,!0!–20%!EtOAc/!
hexanes)!yielding!3.11!(147!mg,!86%!yield)!as!a!white!foam.!!
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Chemical Formula: C56H66O12S
Exact Mass: 962.43
Molecular Weight: 963.19
11 '
3.11:!1H!NMR!(500!MHz,!cdcl3)!δ!7.44!–!7.41!(m,!2H,!arom!Hs),!7.32!–!7.09!(m,!23H,!arom!
Hs),!4.96!(t,!J!=!9.6!Hz,!1H,!HIS2),!4.88!(t,!J!=!8.9!Hz,!1H,!HIIS2),!4.87!(d,!J!=!11.2!Hz,!1H,!
PhCH2),!4.75!(d,!J!=!11.4!Hz,!1H,!PhCH2),!4.66!(d,!J!=!11.9!Hz,!1H,!PhCH2),!4.56!(d,!J!=!11.4!
Hz,!1H,!PhCH2),!4.55!(d,!J!=!10.1!Hz,!1H,!HIS1),!4.48!(d,!J!=!11.2!Hz,!1H,!PhCH2),!4.43!–!
!235!
4.37!(m,!2H,!HIIS1,!PhCH2),!4.26,!4.22!(ABq,!J!=!11.9!Hz,!2H,!PhCH2),!3.95!(t,!J!=!9.4!Hz,!1H,!
HIS4),!3.69!(s,!2H,!HIS6,6’),!3.60!(bt,!J!=!8.9!Hz,!1H,!HIIS4),!3.54!(t,!J!=!9.0!Hz,!1H,!HIS3),!3.39!
(X!of!an!ABX!system,!apparent!td,!J!=!7.1,!3.3!Hz,!1H,!!HIIS6),!3.34!–!3.27!(m,!2H,!HIS5,!HIIS
3),!3.22!(AB!of!an!ABX!system,!apparent!td,!J!=!10.6,!6.4!Hz,!2H,!HIIS5,6’),!2.95!(bs,!1H,!
ROH),!1.11!(s,!9H,!Piv!CH3),!1.08!(s,!9H,!Piv!CH3).!13C!NMR!(75!MHz,!cdcl3)!δ!176.83,!
176.71!(Piv!C=Os),!138.96,!138.47,!138.04,!137.60!(4˚!arom!Cs),!133.30!(CSPh!4˚C),!132.63,!
128.95,!128.67,!128.61,!128.49,!128.19,!128.10,!128.02,!127.95,!127.92,!127.79,!127.69,!127.41,!
127.26,!127.15!(arom!Cs),!99.61!(CIIS1),!86.66!(CIS1),!82.59!(CIIS3),!82.29!(CIS3),!79.37!(CIS5),!
75.10!(CIS4),!74.78,!74.44!(PhCH2),!74.18!(CIIS4),!73.82,!73.78!(PhCH2),!73.08!(CIIS5),!72.88!
(CIIS2),!71.24!(CIIS6),!70.91!(CIS2),!68.18!(CIS6),!38.90,!38.82!(4˚!Piv!Cs),!27.40,!27.24!(Piv!
CH3).!ESI(+)!HRMS!calcd!for!C56H70NO12S!([M+NH4]+):!980.4613;!found:!980.4617.!
!
Phenyl'(43O3acetyl33,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→ 4)33,63O3
benzyl323O3pivaloyl3β3D3glucopyranosyl)sulfoxide'(3.12):'The!title!compound!(989!mg,!
95%!yield)!was!prepared!as!a!white!powder!from!disaccharide!3.2!(1.03!g,!1.02!mmol)!
and!mCPBA!(77%,!251!mg,!1.12!mmol)!in!a!similar!manner!as!compound!3.7.!!
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Chemical Formula: C58H68O14S
Exact Mass: 1020.43
Molecular Weight: 1021.23
12a '
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3.12a:!(less!polar!sulfoxide)!1H!NMR!(500!MHz,!cdcl3)!δ!7.84!(d,!J!=!7.6!Hz,!2H,!arom!Hs),!
7.44!(t,!J!=!7.5!Hz,!2H,!arom!Hs),!7.38!(dd,!J!=!13.3,!6.1!Hz,!2H,!arom!Hs),!7.35!–!7.23!(m,!
14H,!arom!Hs),!7.23!–!7.19!(m,!3H,!arom!Hs),!7.15!(d,!J!=!6.9!Hz,!2H,!arom!Hs),!5.07!–!4.99!
(m,!4H,!HI,IIS2,!HIIS4,!PhCH2),!4.64!(d,!J!=!11.0!Hz,!1H,!PhCH2),!4.59!(d,!J!=!11.2!Hz,!1H,!
PhCH2),!4.56!–!4.47!(m,!3H,!HIS1,!HIIS1,!PhCH2),!4.26!(d,!J!=!11.7!Hz,!1H,!PhCH2),!4.19!–!
4.12!(m,!3H,!PhCH2),!3.92!(t,!J!=!9.0!Hz,!1H,!HIS4),!3.82!–!3.75!(m,!2H,!HIS3,!HIS6),!3.70!(d,!J!
=!12.0!Hz,!1H,!HIS6’),!3.58!(t,!J!=!9.4!Hz,!1H,!HIIS3),!3.46!(bd,!J!=!8.8!Hz,!1H,!HIS5),!3.39!–!
3.33!(m,!2H,!HIIS5,!HIS6!),!3.21!(dd,!J!=!11.2,!6.1!Hz,!1H,!HIIS6’),!1.80!(s,!3H,!Ac!Hs),!1.25!(s,!
9H,!Piv!Hs),!1.16!(s,!9H,!Piv!Hs).!13C!NMR!(126!MHz,!cdcl3)!δ!177.11,!176.54!(Piv!C=Os),!
169.68!(Ac!C=O),!138.45,!138.15,!137.90!,!131.76,!128.75,!128.54,!128.46,!128.39,!128.28,!
127.85,!127.78,!127.70,!127.61,!127.58,!127.50,!127.46,!126.63!(arom!Cs),!99.65!(CIIS1),!94.05!
(CIS1),!81.66!(CIS3),!80.54!(CIIS3),!79.95!(CIS5),!75.18!(PhCH2),!74.54!(CIS4),!73.84!(PhCH2),!
73.68!(CIIS5),!73.61!(PhCH2),!72.67!(CIIS2),!71.19!(CIS2),!69.96!(CIIS6),!68.67!(CIIS4),!67.62!(CIS
6),!39.00,!38.89!(Piv!4˚Cs),!27.34,!27.18!(Piv!CH3),!20.86!(Ac!CH3).!ESI(+)!HRMS!calcd!for!
C58H68NaO14S!([M+Na]+):!1043.4222;!found:!1043.4221.!
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Chemical Formula: C58H68O14S
Exact Mass: 1020.43
Molecular Weight: 1021.23
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3.12b:!(more!polar!sulfoxide)!1H!NMR!(500!MHz,!cdcl3)!δ!7.63!(dd,!J!=!7.2,!1.9!Hz,!2H,!
arom!Hs),!7.48!–!7.14!(m,!23H,!arom!Hs),!5.42!(t,!J!=!9.1!Hz,!1H,!HIS2),!5.03!(dd,!apparent!
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t,!J!=!9.3,!8.3!Hz,!1H,!HIIS2),!4.98!(t,!J!=!9.6!Hz,!1H,!HIIS4),!4.95!(d,!J!=!11.2!Hz,!1H,!PhCH2),!
4.63!–!4.54!(m,!3H,!HIS1,!PhCH2),!4.50!(bd,!J!=!9.3!Hz,!2H,!HIIS1,!PhCH2),!4.38!(d,!J!=!12.0!
Hz,!1H,!PhCH2),!4.24!(d,!J!=!11.7!Hz,!1H,!PhCH2),!4.15!(d,!J!=!11.8!Hz,!1H,!PhCH2),!4.13!
(d,!J!=!9.7!Hz,!1H,!HIS1),!4.00!(t,!J!=!8.9!Hz,!1H,!HIS4),!3.74!(t,!J!=!8.5!Hz,!1H,!HIS3),!3.67!(dd,!
J!=!11.4,!4.5!Hz,!1H,!HIS6),!3.57!(m,!2H,!HIIS3,!HIS6’),!3.44!–!3.34!(m,!2H,!HI,IIS5),!3.31!(dd,!J!=!
10.7,!3.8!Hz,!1H,!HIIS6),!3.17!(dd,!J!=!10.7,!5.6!Hz,!1H,!HIIS6’),!1.80!(s,!3H,!Ac!Hs),!1.19!(s,!
9H,!Piv!Hs),!1.12!(s,!9H,!Piv!Hs).!13C!NMR!(126!MHz,!cdcl3)!δ!176.55,!176.26!(Piv!C=Os),!
169.70!(Ac!C=O),!139.91,!138.63,!138.11,!137.89,!131.41,!128.94,!128.58,!128.48,!128.24,!
128.09,!127.90,!127.79,!127.71,!127.51,!127.45,!127.36,!125.69!(arom!Cs),!99.88!(CIIS1),!91.63!
(CIS1),!81.67!(CIS3),!80.59!(CIIS3),!80.34!(CIS5),!74.95!(CIS4),!74.49,!73.83,!73.76,!73.72!
(PhCH2),!73.56!(CIIS5),!72.70!(CIIS2),!71.08!(CIIS4),!69.89!(CIIS6),!67.98!(CIS2,6),!38.93,!38.88!
(Piv!4˚!Cs),!27.37,!27.19!(Piv!CH3),!20.89!(Ac!CH3).!ESI(+)!HRMS!calcd!for!C58H68NaO14S!
([M+Na]+):!1043.4222;!found:!1043.4222.!
!
Thiophenyl'43O3acetyl33,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→4)33,63O3
benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3
glucopyranosyl3(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3glucopyranoside'(3.13):'The!
title!compound!was!isolated!from!sulfoxide!donor!3.12!(676!mg,!0.66!mmol)!and!
acceptor!3.11!(381!mg,!0.40!mmol)!with!reagents!DTBMP!(487!mg,!2.38!mmol)!and!Tf2O!
(1!M,!331!sL,!0.33!mmol)!in!CH2Cl2!(36!mL)!as!described!with!disaccharide!3.2.!
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Disaccharide!byproduct!3.2!(57!mg,!14%!yield)!was!collected!from!flash!chromatography!
at!15%!EtOAc/!hexanes,!followed!by!desired!product!as!a!white!foam!(454!mg,!61%!
yield).!
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Chemical Formula: C108H128O25S
Exact Mass: 1856.85
Molecular Weight: 1858.25
13 !
3.13:!1H!NMR!(800!MHz,!cdcl3)!δ!7.49!(d,!J!=!7.8!Hz,!2H,!arom!Hs),!7.37!–!7.06!(m,!43H,!
arom!Hs),!5.17!(d,!J!=!11.9!Hz,!1H,!PhCH2),!5.14!(d,!J!=!11.8!Hz,!1H,!PhCH2),!5.04!(t,!J!=!9.6!
Hz,!1H,!HIS2),!5.01!(dd,!J!=!9.4,!8.2!Hz,!1H,!HIVS2),!4.99!–!4.96!(m,!2H,!HIIIS2,!PhCH2),!4.95!
(t,!J!=!9.5!Hz,!1H,!HIVS4),!4.92!(t,!J!=!9.6!Hz,!1H,!HIIS2),!4.71!(d,!J!=!12.0!Hz,!1H,!PhCH2),!
4.60!(d,!J!=!10.1!Hz,!1H,!HIS1),!4.55!(d,!J!=!11.2!Hz,!1H,!PhCH2),!4.52!(d,!J!=!11.9!Hz,!1H,!
PhCH2),!4.48!(d,!J!=!11.2!Hz,!1H,!PhCH2),!4.46!–!4.41!(m,!3H,!PhCH2),!4.38!(d,!J!=!8.2!Hz,!
1H,!HIIIS1),!4.36!(d,!J!=!8.0!Hz,!1H,!HIIS1),!4.31!(d,!J!=!12.1!Hz,!1H,!PhCH2),!4.27!(d,!J!=!8.2!
Hz,!1H,!HIVS1),!4.22!(d,!J!=!11.8!Hz,!1H,!PhCH2),!4.20!(d,!J!=!12.1!Hz,!1H,!PhCH2),!4.08!–!
4.04!(m,!2H,!HIS4,!PhCH2),!4.03!(t,!J!=!9.6!Hz,!1H,!HIIIS4),!3.99!(d,!J!=!12.1!Hz,!1H,!PhCH2),!
3.96!(t,!J!=!9.0!Hz,!1H,!HIIS4),!3.94!(d,!J!=!12.0!Hz,!1H,!PhCH2),!3.78!(dd,!J!=!10.7,!3.3!Hz,!
1H,!HIS6),!3.73!(d,!J!=!10.7!Hz,!1H,!HIS6’),!3.62!(t,!J!=!9.0!Hz,!1H,!HIS3),!3.57!(dd,!J!=!10.9,!2.8!
Hz,!1H,!HIIIS6),!3.54!–!3.50!(m,!2H,!HIII,!IVS6’),!3.48!(dd,!J!=!10.7,!2.7!Hz,!1H,!HIVS6),!3.44!(t,!J!
=!9.4!Hz,!1H,!HIVS3),!3.37!–!3.34!(m,!1H,!HIS5),!3.32!(t,!J!=!9.1!Hz,!1H,!HIIIS3),!3.31!–!3.28!(m,!
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1H,!HIVS5),!3.27!(dd,!J!=!10.6,!3.9!Hz,!1H,!HIIS6),!3.22!(t,!J!=!9.2!Hz,!1H,!HIIS3),!3.13!(bd,!J!=!
9.8!Hz,!1H,!HIIIS5),!3.12!–!3.09!(m,!2H,!HIIS5,!HIIS6’),!1.79!(s,!3H,!Ac!Hs),!1.12!(s,!18H,!Piv!
Hs),!1.08!(s,!9H,!Piv!Hs),!1.04!(s,!9H,!Piv!Hs).!13C!NMR!(201!MHz,!cdcl3)!δ!176.75,!176.72,!
176.58![2C]!(Piv!C=Os),!169.72!(Ac!C=O),!139.36,!139.19,!139.02,!138.29,!138.21,!137.94,!
137.82,!133.28,!132.66,!128.93,!128.77,!128.74,!128.53,!128.45,!128.39,!128.34,!128.33,!128.20,!
128.18,!128.14,!128.06,!128.03,!127.89,!127.84,!127.74,!127.70,!127.54,!127.41,!127.20,!127.15,!
127.01,!126.93,!126.79,!126.71!(arom!Cs),!99.83!(CIIIS1),!99.68!(CIVS1),!99.46!(CIIS1),!86.66!(CIS
1),!82.76!(CIS3),!81.42!(CIIIS3),!80.79!(CIIS3),!80.52!(CIVS3),!79.29!(CIS5),!75.53!(CII,IIIS4),!75.36!
(CIS4),!75.10!(CIIIS5),!75.05!(CIIS5),!74.82,!74.63,!74.51,!73.86,!73.70!(PhCH2),!73.55!(C(VS5),!
73.52,!73.45!(PhCH2),!72.69!(CIISIVS2),!71.30!(CIVS4),!70.79!(CIS2),!70.07!(CIIS6),!67.99!(CIS6),!
67.77!(CIVS6),!67.40!(CIIIS6),!38.86,!38.82,!38.77,!38.75!(Piv!4˚Cs),!27.39,!27.35,!27.24,!27.15!
(Piv!CH3),!20.88!(Ac!CH3).!ESI(+)!HRMS!calcd!for!C108H136N2O25S!([M+2(NH4)]2+):!
946.4571;!found:!946.4569.!
!
Thiophenyl'3,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→4)33,63O3benzyl323O3
pivaloyl3β3D3glucopyranosyl3(1→4)33,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3
(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3glucopyranoside'(3.14):!The!title!compound!was!
isolated!as!a!white!foam!(445!mg,!98%!yield)!from!tetrasaccharide!3.13!(463!mg,!0.249!
mmol)!and!methanolic!NaOCH3!(1.9!M,!33!sL,!0.06!mmol)!in!guanidineSbuffered!
ethanol/!CH2Cl2!as!described!for!compound!3.11.!!
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Chemical Formula: C106H126O24S
Exact Mass: 1814.84
Molecular Weight: 1816.21
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3.14:!1H!NMR!(500!MHz,!cdcl3)!δ!7.41!(dd,!J!=!4.1,!3.3!Hz,!2H,!SPh!Hs),!7.33!–!6.96!(m,!
43H,!arom!Hs),!5.13!(d,!J!=!11.9!Hz,!1H,!PhCH2),!5.07!(d,!J!=!11.8!Hz,!1H,!PhCH2),!4.98!(t,!J!
=!9.6!Hz,!1H,!HIS2),!4.93!–!4.81!(m,!4H,!HIISIVS2,!PhCH2),!4.71!(d,!J!=!11.4!Hz,!1H,!PhCH2),!
4.64!(d,!J!=!12.0!Hz,!1H,!PhCH2),!4.54!–!4.49!(m,!2H,!HIS1,!PhCH2),!4.44!(d,!J!=!11.9!Hz,!1H,!
PhCH2),!4.38!–!4.27!(m,!4H,!HIIS1,!PhCH2),!4.23!(apparent!d,!J!=!10.2!Hz,!2H,!HIVS1,!
PhCH2),!4.21!–!4.11!(m,!4H,!HIIIS1,!PhCH2),!4.01!–!3.93!(m,!2H,!HI,IIS4),!3.91!–!3.86!(m,!2H,!
HIIIS4,!PhCH2),!3.84!(d,!J!=!12.0!Hz,!1H,!PhCH2),!3.71!(bd,!J!=!10.3!Hz,!1H,!HIS6),!3.65!(d,!J!=!
10.7!Hz,!1H,!HIS6’),!3.56!–!3.47!(m,!3H,!HIS3,!HIVS4,!HIIS6),!3.46!–!3.41!(m,!3H,!HIIS6’,!HIIIS
6,6’),!3.31!–!3.26!(m,!2H,!HIS5,!HIVS6),!3.23!(t,!J!=!9.2!Hz,!1H,!HIIS3),!3.18!(t,!J!=!9.3!Hz,!1H,!
HIVS3),!3.13!–!3.07!(m,!3H,!HIIIS3,!HIVS5,6’),!3.07!–!2.99!(m,!2H,!HII,IIIS5),!2.96!(s,!1H,!ROH),!
1.04!(s,!9H,!Piv!Hs),!1.03!(s,!9H,!Piv!Hs),!0.99!(s,!9H,!Piv!Hs),!0.96!(s,!9H,!Piv!Hs);!13C!
NMR!(126!MHz,!cdcl3)!δ!176.76,!176.67!(3C)![Piv!C=Os],!139.34,!139.13!(2C),!138.43,!
138.05,!137.77!(2C),!137.57!(4˚!arom!Cs),!133.19!(CSPh!4˚!C),!132.61,!128.87,!128.70,!128.68,!
128.49,!128.38,!128.30,!128.26,!128.10,!128.05,!127.98,!127.83,!127.74,!127.70,!127.57,!127.26,!
126.94,!126.87,!126.76,!126.66!(arom!Cs),!99.76!(CIIS1),!99.62!(CIIIS1),!99.34!(CIVS1),!86.58!(CIS
1),!82.71!(CIS3),!82.44!(CIVS3),!81.37!(CIIS3),!80.64!(CIIIS3),!79.23!(CIS5),!75.51!(CIIS4),!75.27!
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(CI,IIIS4),!75.06!(CIIS5),!74.95!(CIIIS5),!74.75,!74.42!(PhCH2),!74.33!(CIVS4),!74.21,!73.79,!73.70,!
73.44,!73.35!(PhCH2),!72.84!(CIVS5),!72.74!(CIIS2),!72.61!(CIII,IVS2),!71.25!(CIVS6),!70.73!(CIS2),!
67.93!(CIS6),!67.68!(CIIIS6),!67.35!(CIIS6),!38.79,!38.74,!38.69!(2C)![4˚!Piv!Cs],!27.33,!27.27,!
27.18,!27.10!(Piv!CH3);!ESI(+)!HRMS!calcd!for!C106H134N2O24S!([M+2(NH4)]2+):!925.4518;!
found:!925.4533.!
!
Thiophenyl'43O3(23ethoxy323oxoethyl)33,63O3benzyl323O3pivaloyl3β3D3
glucopyranosyl3(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3glucopyranoside'(3.15):!
Sodium!hydride!(60%!in!mineral!oli,!107!mg,!2.68!mmol)!and!tetrabutylammonium!
iodide!(396!mg,!1.07!mmol)!were!stirred!in!anhydrous!DMF!(1.5!mL)!at!S20°C.!
Compound!3.11!(516!mg,!0.536!mmol)!in!anhydrous!DMF!(3.5!mL)!was!added!dropS
wise,!and!the!solution!was!stirred!under!Ar!for!1!hour,!warming!to!0°C.!Ethyl!
bromoacetate!(190!sL,!1.63!mmol)!was!added!and!the!mixture!stirred!for!1!hour!until!the!
starting!material!had!been!consumed!on!TLC!(30%!EtOAc/!hexanes).!The!reaction!was!
quenched!with!iced!10%!NaHCO3!(40!mL)!and!extracted!with!Et2O!(3!X!80!mL).!The!
extracts!were!washed!with!water!(4!X!50!mL)!and!brine!(50!mL).!The!organic!layer!was!
dried!over!Na2SO4!and!concentrated!under!vacuum.!The!crude!was!purified!by!flash!
chromatography!(12!g!SiO2,!0—12%!EtoAc/!hexanes),!yielding!pure!3.15!(487!mg,!87%!
yield)!as!a!white!foam.!
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Chemical Formula: C60H72O14S
Exact Mass: 1048.46
Molecular Weight: 1049.28
15 !
3.15:!1H!NMR!(500!MHz,!cdcl3)!δ!7.52!–!7.47!(m,!2H,!arom!Hs),!7.37!–!7.10!(m,!23H,!arom!
Hs),!5.10!–!4.99!(m,!3H,!HIS2,!HIIS2,![C=O]CH),!4.75!(d,!J!=!11.1!Hz,!1H,!PhCH2),!4.68!(d,!J!=!
11.9!Hz,!1H,!PhCH2),!4.65!–!4.46!(m,!5H,!HIS1,!HIIS1,![C=O]CH’,!PhCH2),!4.26!(s,!2H,!
PhCH2),!4.20,!4.16!(ABq,!J!=!15.9!Hz,!2H,!PhCH2),!4.12!–!4.02!(m,!3H,!HIS4,!OCH2CH3),!
3.80!–!3.74!(m,!2H,!HIS6,6’),!3.68!(d,!J!=!11.2!Hz,!1H,!HIIS6),!3.63!(t,!J!=!8.9!Hz,!1H,!HIS3),!
3.60!–!3.50!(m,!3H,!HIIS3,4,6’),!3.42!–!3.34!(m,!2H,!HIS5,!HIIS5),!1.17!–!1.13!(m,!21H,!
OCH2CH3,!PivCH3).!13C!NMR!(126!MHz,!cdcl3)!δ!176.64,!176.57!(PivC=O),!169.71!
(AcC=O),!138.89,!138.36,!138.03,!137.93!(4˚!arom!Cs),!133.17!(arom!SSC),!132.60,!128.84,!
128.56,!128.37,!128.27,!128.00,!127.88,!127.83,!127.62,!127.50,!127.35,!127.20,!126.99!(arom!
Cs),!99.46!(CIIS1),!86.54!(CIS1),!82.95!(CIIS3),!82.50!(CIS3),!79.40!(CIS5),!79.06!(CIIS4),!74.97!
(CIIS5),!74.92!(PhCH2),!74.80!(CIS4),!74.65!(AcCH2),!73.69!(CIIS2),!73.52,!73.29!(PhCH2),!70.85!
(CIS2),!69.96!(PhCH2),!68.55!(CIIS6),!68.24!(CIS6),!60.75!(OCH2CH3),!38.83,!38.69!(4˚!Piv!Cs),!
27.31,!27.12!(Piv!CH3),!14.15!(OCH2CH3).!ESI(+)SMS!for!C60H72O14SNa!([M+Na]+):!1072.29;!
found:!1072.5.!
!
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Phenyl'(43O3(23ethoxy323oxoethyl)33,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3
(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl)sulfoxide'(3.16):!The!title!
compound!was!prepared!as!a!mixture!of!sulfoxide!diastereomers!(646!mg,!98.2%!yield)!
from!compound!3.15!(648!mg,!0.618!mmol)!and!mCPBA!(152!mg,!0.68!mmol)!as!
described!for!compounds!3.12!and!3.7.!
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Chemical Formula: C60H72O15S
Exact Mass: 1064.46
Molecular Weight: 1065.28
16a !
3.16a!(less!polar!sulfoxide):!1H!NMR!(500!MHz,!cdcl3)!δ!7.82!(d,!J!=!8.3!Hz,!2H,!SSarom!
Hs),!7.47!–!7.35!(m,!3H,!arom!Hs),!7.33!–!7.20!(m,!13H,!arom!Hs),!7.20!–!7.12!(m,!5H,!arom!
Hs),!7.10!(bd,!J!=!7.7!Hz,!2H,!arom!Hs),!5.08!–!5.00!(m,!2H,!HIS2,!AcCH),!4.97!(bt,!J!=!8.2!
Hz,!1H,!HIIS2),!4.71!(d,!J!=!11.1!Hz,!1H,!PhCH2),!4.59!(apparent!t,!J!=!11.4!Hz,!2H,!PhCH2,!
AcCH’),!4.47!(apparent!t,!J!=!8.6!Hz,!2H,!HIS1,!HIIS1),!4.26,!4.23!(ABq,!J!=!12.1!Hz,!2H,!
PhCH2),!4.21!–!4.11!(m,!4H,!PhCH2),!4.09!–!4.03!(m,!2H,!OCH2CH3),!3.93!(t,!J!=!8.8!Hz,!1H,!
HIS4),!3.79!–!3.71!(m,!2H,!HIS3,6),!3.67!(d,!J!=!12.1!Hz,!1H,!HIS6’),!3.60!–!3.49!(m,!4H,!HIIS
3,4,6,6’),!3.42!(bd,!J!=!9.5!Hz,!1H,!HIS5),!3.28!(bs,!1H,!HIIS5),!1.22!–!1.14!(m,!12H,!OCH2CH3,!
PivSHs),!1.12!(s,!9H,!PivSHs).!13C!NMR!(101!MHz,!cdcl3)!δ!177.04,!176.65!(PivC=O),!169.74!
(AcC=O),!138.55,!138.32,!138.00,!137.77,!131.72!(4˚!arom!Cs),!128.71,!128.48,!128.41,!128.31,!
128.15,!127.85,!127.74,!127.67,!127.50,!127.41,!127.35,!127.26,!127.21,!126.58!(arom!Cs),!
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99.61!(CIIS1),!94.02!(CIS1),!82.95!(CIIS3),!81.73!(CIS3),!79.86!(CIS5),!78.99!(CIIS4),!75.02!
(PhCH2),!74.86!(CIIS5,!AcCH2),!74.22!(CIS4),!73.73!(PhCH2),!73.40!(CIIS2),!73.23!(PhCH2),!
70.03!(PhCH2),!68.41!(CIS2,!CIIS6),!67.74!(CIS6),!60.80!(OCH2CH3),!38.89,!38.86!(4˚!PivSCs),!
27.29,!27.08!(Piv!CH3),!14.16!(OCH2CH3).!
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Chemical Formula: C60H72O15S
Exact Mass: 1064.46
Molecular Weight: 1065.28
16b !
3.16b!(more!polar!sulfoxide):!1H!NMR!(500!MHz,!cdcl3)!δ!7.65!–!7.60!(m,!2H,!arom!Hs),!
7.47!–!7.40!(m,!3H,!arom!Hs),!7.38!–!7.13!(m,!20H,!arom!Hs),!5.41!(t,!J!=!8.8!Hz,!1H,!HIS2),!
5.03!–!4.94!(m,!2H,!HIIS2,!AcCH),!4.73!(d,!J!=!11.1!Hz,!1H,!PhCH2),!4.64!–!4.54!(m,!3H,!
PhCH2,!AcCH’),!4.49!(d,!J!=!8.0!Hz,!1H,!HIIS1),!4.40!(d,!J!=!11.9!Hz,!1H,!PhCH2),!4.28,!4.26!
(ABq,!J!=!12.1!Hz,!2H,!PhCH2),!4.22!–!4.03!(m,!6H,!HIS1,!HIS4,!PhCH2,!OCH2CH3),!3.73!(t,!J!
=!8.2!Hz,!1H,!HIS3),!3.69!–!3.60!(m,!2H,!HIS6,!HIIS6),!3.60!–!3.52!(m,!4H,!HIS6’,!HIIS3,4,6’),!
3.38!–!3.34!(m,!2H,!HIS5,!HIIS5),!1.18!(t,!J!=!7.1!Hz,!3H,!OCH2CH3),!1.15!(s,!9H,!PivSHs),!1.11!
(s,!9H,!PivSHs).!13C!NMR!(126!MHz,!cdcl3)!δ!176.57,!176.13!(PivC=O),!169.66!(AcC=O),!
139.78,!138.60,!138.21,!137.94,!137.90!(4˚!arom!Cs),!131.27,!128.79,!128.45,!128.33,!128.28,!
128.03,!127.90,!127.78,!127.59,!127.51,!127.39,!127.18,!127.06,!125.59!(arom!Cs),!99.71!(CIIS1),!
91.53!(CIS1),!82.90!(CIIS3),!81.60!(CIS3),!80.18!(CIIS5),!78.93!(CIIS4),!74.90!(CIS5,!PhCH2),!74.38!
(CIS4),!74.08!(AcCH2),!73.67!(PhCH2),!73.36!(CIIS2),!73.27!(PhCH2),!69.94!(PhCH2),!68.43!
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(CIIS6),!68.02!(CIS6),!67.72!(CIS2),!60.74!(OCH2CH3),!38.76,!38.74!(4˚!PivSCs!),!27.24,!27.01!
(PivCH3),!14.11!(OCH2CH3).!
!
Thiophenyl'4+O3(23ethoxy323oxoethyl)33,63O3benzyl323O3pivaloyl3β3D3
glucopyranosyl3(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→ 4)33,63O3
benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3
glucopyranosyl3(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→ 4)33,63O3
benzyl323O3pivaloyl3β3D3glucopyranoside'(3.17):'The!title!compound!was!prepared!
from!sulfoxide!donor!3.16!(646!mg,!0.607!mmol)!and!acceptor!3.14!(722!mg,!0.40!mmol)!
with!reagents!DTBMP!(490!mg,!2.39!mmol)!and!Tf2O!(1!M,!430!sL,!0.43!mmol)!in!CH2Cl2!
(67!mL)!as!described!for!disaccharide!3.2'and!tetrasaccharide!3.13.!The!reaction!was!
complete!by!TLC!(30%!EtOAc/!hexanes)'upon!warming!to!S20°C!and!stirring!for!4!hrs.!
The!reaction!concentrate!was!dissolved!in!CHCl3!(10!mL)!and!EtOH!(10!mL)!while!hot,!
and!the!crude!product!was!precipitated!in!excess!EtOH!(30!mL).!The!crude!solid!was!
dissolved!in!hot!EtOH!(20!mL),!and!upon!cooling!to!S20°C,!the!product!precipitated!as!a!
white,!waxy!solid!(561!mg,!51.2%!yield).!!
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Chemical Formula: C160H192O38S
Exact Mass: 2753.28
Molecular Weight: 2755.32
!
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3.17:!1H!NMR!(500!MHz,!cdcl3)!δ!7.53!–!7.41!(m,!2H,!arom!Hs),!7.40!–!6.95!(m,!63H,!arom!
Hs),!5.23!–!5.01!(m,!5H,!HIS2,!PhCH2),!5.00!–!4.87!(m,!4H,!HIISVIS2,!AcCH),!4.74!–!4.68!(m,!
2H,!PhCH2),!4.62!–!4.55!(m,!2H,!HIS1,!PhCH2),!4.51!(d,!J!=!11.8!Hz,!1H,!PhCH2),!4.48!–!4.11!
(m,!19H,!HIISVIS1,!PhCH2,!AcCH’),!4.10!–!3.91!(m,!10H,!HISVS4,!PhCH2,!OCH2CH3),!3.90!–!
3.84!(m,!2H,!PhCH2),!3.82!–!3.69!(m,!3H,!HIS6,6’,!HIVS6),!3.65!–!3.58!(m,!2H,!HIS3,!HVIS6’),!
3.58!–!3.41!(m,!10H,!HVIS3,4,!HIISVS6,6’),!3.39!–!3.02!(m,!10H,!HIISVS3,!HIS6S5),!1.39!–!0.76!(m,!
57H,!PivHs,!OCH2CH3!).!13C!NMR!(126!MHz,!cdcl3)!δ!176.65!(2C),!176.60!(3C),!176.56!
(PivC=O),!169.69!(AcC=O),!139.34,!139.31,!139.26,!139.12,!139.08,!138.39,!138.03,!138.00,!
137.91,!137.78,!137.71(2C)![4˚!arom!Cs],!133.19!(CSPh!4˚!arom),!132.53,!128.80,!128.61,!
128.55,!128.43,!128.32,!128.23,!128.18,!128.06,!127.91,!127.77,!127.72,!127.63,!127.55,!127.44,!
127.33,!127.23,!127.14,!127.08,!127.03,!126.90,!126.85,!126.81,!126.65,!126.57,!126.53!(arom!
Cs),!99.73,!99.58,!99.53,!99.44,!99.34!(CIISVIS1),!86.56!(CIS1),!82.85,!82.65,!81.31,!81.22,!81.19,!
81.08!(CISVIS3),!79.19!(CVIS4),!79.09!(CIS5),!75.51,!75.46,!75.40,!75.24,!75.02,!74.83,!74.78,!74.71!
(CIISVIS5,!PhCH2),!74.33,!73.73,!73.64,!73.40,!73.34,!73.22,!72.50!(PhCH2,%AcCH2),!70.69!(CIS2),!
69.92!(PhCH2),!68.67,!67.90,!67.77,!67.67,!67.40,!67.31!(CISVIS6),!60.70!(OCH2CH3),!38.77!(s,!
2C),!38.62!(4C,!4˚!PivSCs),!27.27,!27.11!(4C),!27.03!(PivCH3),!14.10!(OCH2CH3).!ESI(+)SMS!
calculated!for!C160H192O38SNa2!([M+2Na]2+):!1400.6;!found!1399.6.!
!
33azidopropyl'3,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→ 4)33,63O3benzyl323
O3pivaloyl3β3D3glucopyranoside'(3.18):'Compound!3.11!(575!mg,!0.598!mmol)!was!
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combined!with!4Å!molecular!sieves!(~500!mg)!in!a!flameSdried!3Sneck!flask!under!Ar.!
The!mixture!was!diluted!with!anhydrous!CH2Cl2!(10!mL)!and!3Sazidopropanol!(300!mg,!
2.99!mmol;!vide!infra)!in!CH2Cl2!(5!mL)!was!added.!The!mixture!stirred!at!rt!for!45!min!
and!was!then!cooled!to!S20°C!for!15!min!(iced!NaCl).!Solid!AgOTf!was!azeotropically!
dried!from!toluene!and!added!(77!mg,!0.3!mmol)!along!with!NSiodosuccinimide!(216!
mg,!0.96!mmol)!to!the!reaction!mixture,!causing!the!mixture!to!become!pale!yellow/!
orange.!The!reaction!warmed!to!15°C!over!7!hrs,!at!which!point!the!mixture!had!become!
dark!fuchsia.!The!reaction!was!diluted!with!CH2Cl2!(150!mL)!and!filtered!through!celite.!
The!filtrate!was!washed!with!5%!NaHCO3!(50!mL),!10%!NaHSO3!(50!mL),!water!(2!X!50!
mL),!and!brine!(50!mL)!then!dried!over!Na2SO4.!The!crude!material!was!loaded!onto!
SiO2!(1!g)!and!purified!by!flash!chromatography!(2!X!24!g!SiO2,!0—15%!EtOAc/!hexanes,!
35!mL/!min).!The!title!compound!was!obtained!as!a!colorless!gum!(514!mg,!90%!yield).!!
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Chemical Formula: C53H67N3O13
Exact Mass: 953.47
Molecular Weight: 954.13
18 !
3.18:!1H!NMR!(500!MHz,!cdcl3)!δ!7.39!–!7.14!(m,!20H,!arom!Hs),!5.01!–!4.89!(m,!3H,!HIS2,!
HIIS2,!PhCH2),!4.83!–!4.75!(m,!2H,!PhCH2),!4.62!(d,!J!=!11.4!Hz,!1H,!PhCH2),!4.54!(d,!J!=!
11.2!Hz,!1H,!PhCH2),!4.49!–!4.40!(m,!2H,!HIIS1,!PhCH2),!4.38!–!4.29!(m,!3H,!HIS1,!PhCH2),!
4.04!(t,!J!=!9.3!Hz,!1H,!HIS4),!3.89!(dt,!J!=!10.3,!5.8!Hz,!1H,!OCH2CH2CH2N3),!3.77!(dd,!J!=!
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10.9,!3.4!Hz,!1H,!HIS6),!3.72!–!3.67!(m,!1H,!HIS6’),!3.67!–!3.63!(m,!1H,!HIIS4),!3.58!(t,!J!=!9.2!
Hz,!1H,!HIS3),!3.55!–!3.46!(m,!2H,!HIIS6,!OCH2CH2CH2N3!),!3.39!–!3.24!(m,!6H,!HIS5,!HIIS
3,5,6’,!OCH2CH2CH2N3),!2.98!(s,!1H,!OH),!1.89!–!1.74!(m,!2H,!OCH2CH2CH2N3),!1.17!–!
1.12!(m,!18H,!PivSHs).!13C!NMR!(126!MHz,!cdcl3)!δ!176.69!(2C,!PivC=O),!138.88,!138.37,!
137.80,!137.51!(4˚!arom!Cs),!128.61,!128.48,!128.35,!128.22,!128.00,!127.96,!127.82,!127.67,!
127.56,!127.27,!127.21,!127.02!(arom!Cs),!101.31!(CIS1),!99.41!(CIIS1),!82.44!(CIIS3),!80.74!(CIS
3),!75.13!(CIS5),!75.08!(CIS4),!74.36,!74.29!(PhCH2),!74.03!(CIIS4),!73.72!(2C,!PhCH2),!72.98!
(CIIS5),!72.75!(CIIS2),!72.15!(CIS2),!67.82!(CIIS6),!65.96!(CIS6),!!48.09!(OCH2CH2CH2N3),!38.77,!
38.73!(4˚!PivSCs),!29.15!(OCH2CH2CH2N3),!27.27,!27.11!(PivCH3).!ESI(+)SMS!calculated!for!
C53H67N3O13Na!([M+Na]+):!976.47;!found:!976.5.!
!
33azidopropyl'43O3acetyl33,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→ 4)33,63
O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→4)33,63O3benzyl323O3pivaloyl3β3D3
glucopyranosyl3(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3glucopyranoside'(3.19):'4ÅMS!
(500!mg)!and!a!stir!bar!were!flame!dried!under!house!vacuum!in!a!three!neck!rb!flask!
then!cooled!to!rt!under!Ar.!A!solution!of!compounds!3.2!(237!mg,!0.236!mmol)!and!3.18!
(150!mg,!0.157!mmol)!in!anhydrous!CH2Cl2!(5!mL)!was!added!via!cannula,!and!the!
mixture!was!stirred!for!45!min.!at!rt!then!cooled!to!S20!°C!(ice/!NaCl).!After!10!min,!solid!
NIS!(71!mg,!0.314!mmol)!and!AgOTf!(40!mg,!0.157)!were!added.!The!mixture!slowly!
warmed!to!22!°C!over!12!hrs,!at!which!point!the!mixture!became!dark!red!and!
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compound!2!was!no!longer!observed!via!TLC!(25%!EtOAc/!hexanes).!The!mixture!was!
diluted!with!EtOAc!(200!mL)!and!filtered!through!celite.!The!filtrate!was!washed!with!
5%!NaHCO3!(50!mL),!10%!NaHSO3!(50!mL),!water!(2!X!50!mL),!and!brine!(50!mL)!then!
dried!over!anhydrous!Na2SO4.!The!crude!product!was!concentrated!under!vacuum!onto!
SiO2!(1.2!g)!and!purified!by!flash!chromatography!over!SiO2!(2!X!12!g;!0!–!18%!EtOAc/!
hexanes!to!remove!impurities!then!20%!EtOAc!to!elute!product).!Tetrasaccharide!3.19!
(171!mg,!59%!yield)!was!obtained!as!a!white!solid.!
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Chemical Formula: C105H129N3O26
Exact Mass: 1847.89
Molecular Weight: 1849.18
19 !
3.19:!1H!NMR!(500!MHz,!cdcl3)!δ!7.37!–!7.07!(m,!40H,!arom!Hs),!5.18!(d,!J!=!12.0!Hz,!1H,!
PhCH2),!5.13!(d,!J!=!11.9!Hz,!1H,!PhCH2),!5.04!–!4.92!(m,!5H,!HISIVS2,!HIVS4),!4.78!(d,!J!=!
12.2!Hz,!1H,!PhCH2),!4.58!–!4.39!(m,!7H,!PhCH2),!4.38!–!4.31!(m,!4H,!HIISIVS1,!PhCH2),!4.27!
(d,!J!=!8.2!Hz,!1H,!HIS1),!4.24!–!4.18!(m,!2H,!PhCH2),!4.09!–!4.00!(m,!4H,!HIISIIIS4,!PhCH2),!
3.99!–!3.87!(m,!3H,!HIS4,!PhCH2,!OCH2CH2CH2N3),!3.80!(dd,!J!=!10.7,!3.1!Hz,!1H,!HIVS6),!
3.67!(d,!J!=!9.3!Hz,!1H,!HIVS6’),!3.63!–!3.47!(m,!6H,!HIIS6,6’,!HIIIS3,6,6’,!OCH2CH2CH2N3),!
3.44!(t,!J!=!9.4!Hz,!1H,!HIVS3),!3.38!–!3.20!(m,!7H,!HISIIS3,!HIIISIVS5,!HIS6,!OCH2CH2CH2N3),!
3.16!–!3.08!(m,!3H,!HISIIS5,!HIS6’),!1.86!–!1.76!(m,!5H,!OCH2CH2CH2N3,!AcCH3),!1.12!(s,!9H,!
PivSHs),!1.10!–!1.07!(m,!18H,!PivSHs),!1.04!(s,!9H,!PivSHs).!!13C!NMR!(126!MHz,!cdcl3)!δ!
176.85,!176.72!(2C),!176.56!(PivC=O),!169.70!(AcC=O),!139.40,!139.23,!139.03,!138.31,!
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138.23,!137.95,!137.85,!137.67!(4˚!arom!Cs),!128.88,!128.75,!128.52,!128.45,!128.37,!128.14,!
128.04,!127.84,!127.74,!127.70,!127.53,!127.42,!127.17,!126.95,!126.79,!126.71!(arom!Cs),!
101.43!(CIVS1),!99.73,!(2C),!99.47!(CISIIIS1),!81.37,!81.27,!80.82!(CISIIIS3),!80.54!(CIVS3),!75.55,!
75.46!(CISIIIS4),!75.08!(CISIIIS5),!74.51!(CIVS4,!PhCH2),!73.93,!73.70!(PhCH2),!73.54!(CIVS5,!
PhCH2),!72.70!(2C),!72.19,!71.30!(CISIVS2),!70.08!(CIS6),!67.78,!67.71,!67.63,!67.46!(CIISIVS6),!
66.07!(OCH2CH2CH2N3),!48.22!(OCH2CH2CH2N3),!38.87,!38.84,!38.80,!38.76!(4˚!PivSCs),!
29.28!(OCH2CH2CH2N3),!27.39!(2C),!27.24,!27.17!(PivCH3),!20.88!(AcCH3).!
!
33azidopropyl'3,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→ 4)33,63O3benzyl323
O3pivaloyl3β3D3glucopyranosyl3(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3
glucopyranosyl3(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3glucopyranoside'(3.20):'
Compound!3.19'(171!mg,!0.092!mmol)!was!dissolved!in!4:1!EtOH/!CH2Cl2!(1.5!mL)!and!
stirred!openly.!A!solution!of!basic!guanidine!(0.46!mL,!0.092!mmol;!200!mM!in!7:1!EtOH/!
CH2Cl2)!was!added!to!the!starting!compound.!A!solution!of!sodium!methoxide!in!
methanol!(1.9!M;!12!sL,!0.023!mmol)!was!added!and!the!mixture!stirred!capped!for!20!
hrs,!at!which!point!the!reaction!was!complete!by!TLC!(25%!EtOAc/!hexanes).!The!
reaction!was!quenched!with!10%!aqueous!AcOH!(~1!mL)!and!neutralized!with!5%!
NaHOC3!(~5!mL).!The!product!was!extracted!into!CH2Cl2!(200!mL)!and!washed!with!
water!(2!X!50!mL)!and!brine!(50!mL)!then!dried!over!anhydrous!Na2SO4.!The!crude!was!
dried!to!a!foam!under!reduced!pressure,!and!the!foam!was!dissolved!in!hot!EtOH!(2!
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mL).!Upon!cooling!to!4!°C!and!storage!for!3!days,!white!powdery!crystals!formed!and!
were!collected!by!filtration.!The!cake!was!washed!with!80%!EtOH/!water!and!dried!on!
the!lyophilizer!for!4!days!to!yield!pure!3.20!(142!mg,!85%!yield).!!
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Chemical Formula: C103H127N3O25
Exact Mass: 1805.88
Molecular Weight: 1807.15
20 !
3.20:!1H!NMR!(500!MHz,!cdcl3)!δ!7.46!–!7.08!(m,!40H,!arom!Hs),!5.24!(d,!J!=!11.8!Hz,!1H,!
PhCH2),!5.17!(d,!J!=!11.9!Hz,!1H,!,!PhCH2),!5.09!–!4.92!(m,!5H,!HISIVS2,!PhCH2),!4.85!–!4.79!
(m,!2H,!PhCH2),!4.63!(d,!J!=!11.4!Hz,!1H,!PhCH2),!4.56!(d,!J!=!12.0!Hz,!1H,!PhCH2),!4.48!–!
4.42!(m,!3H,!PhCH2),!4.42!–!4.22!(m,!8H,!HISIVS1,!PhCH2),!4.16!–!3.90!(m,!6H,!HISIIIS4,!
OCH2CH2CH2N3,!PhCH2),!3.84!(d,!J!=!10.6!Hz,!1H,!HIS6),!3.71!(d,!J!=!10.6!Hz,!1H,!HIS6’),!
3.67!–!3.50!(m,!7H,!HIS3,!HIVS4,!HIISIIIS6,6’,!OCH2CH2CH2N3),!3.44!–!3.20!(m,!9H,!HIISIVS3,!HIS
IIS5,!HIVS6,6’,!OCH2CH2CH2N3),!3.16!(apparent!dd,!J!=!16.1,!10.0!Hz,!2H,!HIIISIVS5),!3.04!(s,!
1H,!OH),!1.92!–!1.78!(m,!2H,!OCH2CH2CH2N3),!1.15!(s,!9H,!PivSHs),!1.12!(s,!18H,!PivSHs),!
1.08!(s,!9H,!PivSHs).!13C!NMR!(126!MHz,!cdcl3)!δ!176.84,!176.82,!176.75,!176.68!(PivC=O),!
139.43,!139.22,!139.18,!138.48,!138.11,!137.83,!137.64,!137.61!(4˚!arom!Cs),!128.86,!128.73,!
128.54,!128.51,!128.43,!128.35,!128.15,!128.10,!128.03,!127.89,!127.75,!127.62,!127.32,!127.15,!
126.96,!126.92,!126.80,!126.69!(arom!Cs),!101.42!(CIS1),!99.72!(2C,!CIISIIIS1),!99.39!(CIVS1),!
82.49,!81.37,!81.26,!80.69!(CISIVS3),!75.59,!75.43,!75.29!(CISIIIS4),!75.10,!74.99!(CISIIIS5),!74.51,!
74.47,!74.38,!74.35,!74.31(CIVS4,!PhCH2),!73.91,!73.76,!73.52,!73.40!(PhCH2),!72.83,!72.79,!
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72.65,!72.17!(CISIVS2,!CIVS5),!71.34!(CIVS6),!67.73,!67.67!,!67.42!(CISIIIS6),!66.05!
(OCH2CH2CH2N3),!48.20!(OCH2CH2CH2N3),!38.85,!38.81,!38.78,!38.74!(4˚!PivSCs),!29.26!
(OCH2CH2CH2N3),!27.37,!27.33,!27.22,!27.15!(PivCH3).!
!
33azidopropyl'4+O3(23ethoxy323oxoethyl)33,63O3benzyl323O3pivaloyl3β3D3
glucopyranosyl3(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→ 4)33,63O3
benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3
glucopyranosyl3(1→ 4)33,63O3benzyl323O3pivaloyl3β3D3glucopyranosyl3(1→ 4)33,63O3
benzyl323O3pivaloyl3β3D3glucopyranoside'(3.21):!Method%1.!Compound!3.17!(45.3!mg,!
0.016!mmol)!was!stirred!with!flameSdried!4Å!molecular!sieves!(200!mg)!in!CH2Cl2!(1.5!
mL)!under!Ar!in!a!flameSdried!flask.!A!solution!of!3Sazidopropanol!in!CH2Cl2!(1!M,!0.16!
mL,!0.16!mmol;!vide!infra)!was!added!and!the!mixture!stirred!at!rt!for!1!hr!and!then!
cooled!to!0°C.!A!freshlySprepared!solution!of!iodine!in!CH2Cl2!(0.1!M,!0.32!mL,!0.032!
mmol)!was!added,!causing!solution!to!become!dark!red.!A!freshlySprepared!solution!of!
silver!trifluoromethanesulfonate!(azeotropically!dried!with!toluene)!in!toluene!(0.1!M,!
0.32!mL,!0.032!mmol)!was!added!dropSwise,!causing!the!red!color!to!dissipate,!and!the!
mixture!was!warmed!to!rt.!After!1!hr!the!reaction!as!quenched!with!triethylamine!(100!
sL)!and!filtered!over!celite.!The!filtrate!was!concentrated!onto!SiO2!(200!mg)!and!
subsequently!purified!by!flash!chromatography!(4!g!SiO2,!18!mL/!min,!0!12%! 16%!
EtoAc/!hexanes)!to!yield!title!compound!as!a!white!foam!(15!mg,!34%!yield).!!!
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Method%2:!The!title!compound!could!also!be!prepared!via!the!glycosylation!procedure!for!
the!formation!of!3.19!from!3.2!and!3.18!described!above!using!donor!3.15!and!acceptor!
3.20.!
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Chemical Formula: C157H193N3O39
Exact Mass: 2744.32
Molecular Weight: 2746.25
21 !
3.21:!1H!NMR!(800!MHz,!cdcl3)!δ!7.37!–!7.05!(m,!60H,!arom!Hs),!5.22!–!5.17!(m,!2H,!
PhCH2),!5.15!(d,!J!=!11.8!Hz,!1H,!PhCH2),!5.12!(d,!J!=!11.8!Hz,!1H,!PhCH2),!5.09!(d,!J!=!11.5!
Hz,!1H,!PhCH2),!5.00!(dd,!J!=!9.4,!8.1!Hz,!1H,!HIS2),!4.97!–!4.91!(m,!5H,!HIISVIS2),!4.76!(d,!J!=!
12.1!Hz,!1H,!PhCH2),!4.71!(d,!J!=!11.1!Hz,!1H,!PhCH2),!4.58!(d,!J!=!11.1!Hz,!1H,!PhCH2),!
4.52!(d,!J!=!11.8!Hz,!1H,!PhCH2),!4.42!–!4.31!(m,!8H),!4.26!(d,!J!=!8.2!Hz,!1H),!4.24!–!4.20!
(m,!4H)![HISVIS1,!PhCH2],!4.19!–!4.15!(m,!4H,!PhCH2,!AcCH),!4.11!(d,!J!=!16.0!Hz,!1H,!
AcCH’),!4.09!–!4.04!(m,!3H,!HIS4,!OCH2CH3),!4.04!–!3.95!(m,!6H,!HIISVS4,!PhCH2),!3.94!(d,!J!
=!12.1!Hz,!1H,!PhCH2),!3.91!–!3.84!(m,!4H,!PhCH2,!OCH2CH2CH2N3),!3.78!(dd,!J!=!10.7,!3.2!
Hz,!1H,!HIS6),!3.66!(d,!J!=!9.2!Hz,!1H,!HIS6’),!3.63!–!3.43!(m,!14H,!HI,VIS3,!HVIS4,!HIISVIS6,6’,!
OCH2CH2CH2N3),!3.38!–!3.31!(m,!2H,!OCH2CH2CH2N3),!3.31!–!3.26!(m,!2H,!HI,VIS5),!3.24!
(t,!J!=!9.2!Hz,!1H),!3.20!(t,!J!=!9.2!Hz,!2H),!3.16!(t,!J!=!9.3!Hz,!1H)[HIISVS3],!3.13!(bd,!J!=!9.4!
Hz,!1H),!3.10!–!3.03!(m,!3H)[HIISVS5],!1.87!–!1.75!(m,!2H,!OCH2CH2CH2N3),!1.17!(t,!J!=!7.1!
Hz,!3H,!OCH2CH3),!1.09!(s,!9H,!PivSHs),!1.08!(s,!9H,!PivSHs),!1.02!(s,!9H,!PivSHs),!1.01!–!
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0.99!(m,!27H,!PivSHs).!!13C!NMR!(201!MHz,!cdcl3)!δ!176.89,!176.82,!176.80,!176.77,!176.71,!
176.70!(PivC=O),!169.84!(AcC=O),!139.47!(2C),!139.39,!139.24!(2C),!138.52,!138.15,!138.11,!
137.90,!137.83,!137.82,!137.65!(4˚!arom!Cs),!128.90,!128.77,!128.75,!128.70,!128.56,!128.46,!
128.42,!128.39,!128.35,!128.31,!128.14,!128.08,!128.05,!127.77,!127.69,!127.58,!127.37,!127.21,!
127.17,!126.97,!126.93,!126.82,!126.81,!126.78,!126.74,!126.67,!126.64!(arom!Cs),!101.45!(CIS
1),!99.76,!99.71,!99.66!(2C),!99.47!(CIISVIS1),!82.97,!81.38,!81.35,!81.31,!81.28,!81.19!(CISVIS3),!
79.20!(CVIS4),!75.67,!75.58,!75.53,!75.48!(CIISVS4),!75.24!(CIS4),!75.14,!75.12,!75.10,!75.00,!74.94,!
74.92,!74.88!(CISVIS5,!PhCH2),!74.56,!74.46,!73.94,!73.55,!73.52,!73.48,!73.45,!73.34!(PhCH2),!
72.62,!72.61,!72.19,!72.17!(CISVIS2),!70.05!(AcCH2),!68.79,!67.87,!67.67,!67.53,!67.48,!67.43!(CIS
VIS6),!66.10!(OCH2CH2CH2N3),!60.85!(OCH2CH3),!48.23!(OCH2CH2CH2N3),!38.90,!38.81,!
38.76,!38.75!(3C)[!4˚!PivSCs],!29.28!(OCH2CH2CH2N3),!27.41,!27.29,!27.25!(2C),!27.23,!27.18!
(PivCH3),!14.23!(OCH2CH3).!
!
33azido313propanol:!1Schloropropanol!(3!g,!31.75!mmol),!sodium!azide!(5.16!g,!79.4!
mmol),!and!water!(15!mL)!were!combined!and!stirred!openly!at!90!°C!for!23!hours.!
Upon!cooling!to!rt,!the!mixture!was!diluted!with!water!(50!mL)!and!extracted!with!
CH2Cl2!(3!X!50!mL).!The!extracts!were!washed!with!brine!(50!mL)!and!dried!over!
anhydrous!Na2SO4.!The!solvents!were!removed!under!reduced!pressure!and!the!product!
obtained!as!a!pale!yellow!oil!(2.5!g,!78%!yield).!!
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HO N3
Chemical Formula: C3H7N3O
Exact Mass: 101.06
Molecular Weight: 101.11 !
IR!(neat)!ν!3334.94!(OSH),!2044.27,!2879.89!(CSH),!2090.33!(N=N+=NS),!1043!(CSO);!1H!
NMR!(400!MHz,!cdcl3)!δ!3.77!–!3.70!(m,!2H),!3.45!(t,!J!=!6.6!Hz,!2H),!2.46!–!2.39!(m,!1H),!
1.83!(quint,!2H);!13C!NMR!(75!MHz,!cdcl3)!δ!59.76,!48.47,!31.47.!
!
acetobromocellobiose:292,%294!DScellobiose!(mostly!β;!10!g,!27.8!mmol)!was!stirred!in!acetic!
anhydride!(50!mL,!530!mmol)!openly!over!an!ice!bath.!A!solution!of!HBr!in!acetic!acid!
(33!wt%;!10!mL)!was!added!dropSwise!with!an!addition!funnel.!The!mixture!stirred!for!
15!min!cold!and!then!warmed!to!rt!for!45!min.!The!slurry!was!supplemented!with!more!
HBr!solution!(50!mL)!by!dropSwise!addition!over!3!hrs!at!rt.!The!mixture!stirred!at!rt!
over!night.!After!12!hrs,!the!intermediate!sugar!acetate!(Rf!=!0.1)!had!converted!fully!to!
the!bromo!sugar!(Rf!=!0.3)!as!analyzed!by!TLC!(1:1!EtOAc/!hexanes).!The!reaction!
solvents!were!removed!by!coSdistillation!with!toluene!(3!X!50!mL)!under!reduced!
pressure.!The!resulting!offSwhite!solid!was!stirred!in!dry!Et2O!(150!mL),!and!heated!to!a!
gentle!reflux!for!1!hr.!The!mixture!was!cooled!on!ice,!filtered,!and!washed!with!excess!
Et2O!to!yield!desired!product!as!a!white,!fluffy!solid!(19.6!g,!100%!yield).!!
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Chemical Formula: C26H35BrO17
Exact Mass: 698.11
Molecular Weight: 699.45 !
!256!
1H!NMR!(500!MHz,!cdcl3)!δ!6.54!(d,!J!=!4.0!Hz,!1H),!5.54!(t,!J!=!9.7!Hz,!1H),!5.16!(t,!J!=!9.3!
Hz,!1H),!5.09!(t,!J!=!9.7!Hz,!1H),!4.95!(dd,!J!=!9.2,!8.1!Hz,!1H),!4.77!(dd,!J!=!10.0,!4.1!Hz,!
1H),!4.57!–!4.52!(m,!2H),!4.39!(dd,!J!=!12.5,!4.3!Hz,!1H),!4.23!–!4.15!(m,!2H),!4.05!(dd,!J!=!
12.5,!2.1!Hz,!1H),!3.85!(t,!J!=!9.6!Hz,!1H),!3.68!(X!of!ABX,!apparent!ddd,!J!=!9.8,!4.2,!2.2!Hz,!
1H),!2.15!(s,!3H),!2.10!(s,!6H),!2.06!(s,!6H),!2.02!(s,!3H),!2.00!(s,!3H).!!13C!NMR!(126!MHz,!
cdcl3)!δ!170.60,!170.37,!170.21,!170.09,!169.39!(2C),!169.09,!100.67,!86.50,!75.32,!73.07,!73.00,!
72.10,!71.63,!70.81,!69.46,!67.76,!61.64,!60.97,!20.95,!20.81!(2C),!20.71,!20.66!(3C).!
!
Thiophenyl'2,2’,3,3’,4’,6,6’3O3heptaacetyl3β3D3cellobioside:293!Acetobromocellobiose!
(14.69!g,!21!mmol)!was!dissolved!in!CH2Cl2!(150!mL)!and!thiophenol!(6.4!mL,!63!mmol)!
was!added.!A!sodium!bicarbonate!buffer!(1!M,!pH!=!9.4;!150!mL)!supplemented!with!
tetrabutylammonium!hydrogensulfate!(7.14!g,!21!mmol)!was!added!to!the!organic!
mixture!and!the!solution!stirred!vigorously!in!open!atmosphere.!Reaction!was!complete!
after!45!min,!and!the!product!was!extracted!into!CH2Cl2!(450!mL).!The!organic!layer!was!
washed!with!10%!K2CO3!(200!mL),!water!(2!X!150!mL),!and!brine!(200!mL)!then!dried!
over!anhydrous!Na2SO4.!The!solvents!were!removed!under!reduced!pressure,!and!the!
resulting!offSwhite!powder!was!recrystallized!from!hot!EtOH!to!yield!the!title!
compound!as!white!crystals!(14!g,!90%!yield).!
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Chemical Formula: C32H40O17S
Exact Mass: 728.20
Molecular Weight: 728.71 !
!1H!NMR!(400!MHz,!cdcl3)!δ!7.50!–!7.45!(m,!2H,!arom!Hs),!7.34!–!7.27!(m,!3H,!arom!Hs),!
5.19!(t,!J!=!9.2!Hz,!1H),!5.14!(t,!J!=!9.3!Hz,!1H),!5.06!(t,!J!=!9.6!Hz,!1H)![HIS2,!HIIS2,4],!4.95!–!
4.87!(m,!2H,!HIS3,!HIIS3),!4.67!(d,!J!=!10.1!Hz,!1H,!HIS1),!4.56!(dd,!J!=!11.9,!1.6!Hz,!1H,!HIS6),!
4.50!(d,!J!=!7.9!Hz,!1H,!HIIS1),!4.37!(dd,!J!=!12.5,!4.3!Hz,!1H,!HIS6’),!4.10!(dd,!J!=!11.9,!5.5!
Hz,!1H,!HIIS6),!4.03!(dd,!J!=!12.4,!2.1!Hz,!1H,!HIIS6’),!3.73!(t,!J!=!9.5!Hz,!1H,!HIS4),!3.68!–!
3.60!(m,!2H,!HIS5,!HIIS5),!2.11!(s,!3H),!2.08!(s,!3H),!2.07!(s,!3H),!2.02!(d,!J!=!3.1!Hz,!3H),!2.01!
(s,!6H),!1.98!(s,!3H)![Ac!Hs].!13C!NMR!(101!MHz,!cdcl3)!δ!170.41,!170.14!(2C),!169.66,!
169.46,!169.22,!168.95!(Ac!C=Os),!133.02!(2C),!131.69,!128.83!(2C),!128.26!(arom!Cs),!100.70!
(CIIS1),!85.47!(CIS1),!76.29,!73.55,!72.87,!71.93,!71.53,!70.13,!67.73,!61.95,!61.48!(pyranose!
Cs),!20.78,!20.71,!20.58,!20.48!(4C)!(AcSCs).!
!
5.6 Methonium binding thermodynamics 
5.6.1 Ligands 4.1a-e and 4.2a-d syntheses 
Ligands!4.1aSe!and!4.2aSd!were!synthesized!and!purified!by!Yi!Wang!as!
described!by!Wang!et!al213!and!detailed!in!Yi!Wang’s!dissertation.214!!
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5.6.2 Determination of ∆δ  from 1H-NMR binding studies of CB[7]•4.1a-
d and CB[7]•4.2a-d ligands 
The!1HSNMR!spectra!of!D2O!solutions!containing!roughly!8!mM!CB[7]!and!16!
mM!ligand!was!recorded!on!a!Bruker!500!MHz!NMR!spectrometer.!The!exact!([CB7]total!/!
[Lig]total)!ratio!was!determined!by!peak!integration.!ComplexationSinduced!shifts!(∆δ)!
were!calculated!based!on!the!chemical!shifts!of!the!free!ligand!and!equilibrium!binding!
constant!(Ka)!measured!with!ITC.!The!observed!chemical!shift!of!a!proton!in!the!fast!
exchange!regime!(δobs)!is!a!linear!combination!of!the!chemical!shifts!of!the!bound!form!
(δb)!and!the!free!form!(δf)!based!on!their!relative!population!( f ):!
δobs = fbδb + f fδ f !
Equation'47''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''
The!relative!populations!between!the!bound!and!free!form!can!be!used!to!
eliminate!the!unknown!chemical!shift!of!bound!form!(δb):!
f f =1− fb !
Equation'48'
δobs = fb(δb −δ f )+δ f !
Equation'49'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''
Thus,!the!shielding/deshielding!effect!(∆δ)!can!be!obtained!using!only!known!
information!regarding!the!chemical!shifts!of!the!free!ligand!and!the!observed!chemical!
shift!in!fast!exchange:!
∆ δ = δb −δ f !
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Equation'50'
∆ δ = δobs −δ ffb !
Equation'51'
With!the!knowledge!of!binding!constants!(see!Chapter!4),!it!is!straightforward!to!
calculate!the!equilibrium!concentration!of!free!ligand!and!thus!determine! fb .!Due!to!the!
high!binding!constants!of!ligands!investigated!in!the!current!study,! fb !is!very!similar!to!
the!ratio!between!total!receptor!concentration!and!total!ligand!concentration!
(CB[7]/ligand!ratios!are!provided!in!Figure!44!through!Figure!52),!indicative!of!the!
saturation!of!receptor!binding!sites.!The!exact!ratio!([CB7]total!/![Lig]total)!is!determined!by!
integration!of!the!peak!areas!in!the!complex!spectra.!Despite!the!inherent!errors!with!
this!approach,!we!are!confident!that!the!resulting! fb !determined!with!this!method!is!
valid,!given!the!consistency!among!results!from!a!variety!of!CB[7]Sligand!complexes.!
!
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Appendix A 
Distribution fitting and binding probabilities of force 
spectroscopy histograms  
Inverse!Gaussian!distribution!functions!from!the!Matlab™!fitting!toolkit!were!
used!to!fit!the!rupture!force!and!length!histograms!generated!from!His6,!MCC,!and!G3!
unSbinding!experiments.!The!mean!and!standard!deviation!are!presented!along!with!the!
fit!and!histograms!in!Figure!64SFigure!67.!The!experimental!binding!probabilities!are!
given!in!Table!10.!
Table'10:'Binding'probabilities'from'force'spectroscopy'experiments'
Experiment' Initial'Pbind' Blocked'Pbind' Washed'Pbind'
MCC'(no'Tween)' 0.93! 0.55! 0.73!
MCC'(0.01%'Tween)' 0.99! 0.34! 0.69!
MCC'(0.05%'Tween)' 0.89! 0.34! 0.76!
G3'(exp1)' 0.73! 0.32! ND*!
G3'(exp2)' 0.75! 0.45! 0.596!
Blank'Tip' 0.16! ND! ND!
*!ND:!not!determined.!
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Figure'64:'Inverse'Gaussian'fit'to'His6'rupture'histograms'
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Figure'65:'Inverse'Gaussian'fits'to'miniCipC3Cellulose'rupture'force'
histograms'
*Data!on!the!left!is!for!0.01%!TweenS20,!and!on!the!right!is!0.05%!Tween.!
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Figure'66:'Inverse'Guassian'fits'to'miniCipC3cellulose'rupture'length'
histograms'
*Data!on!the!left!is!for!0.01%!TweenS20,!and!on!the!right!is!0.05%!Tween.!
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Figure'67:'Inverse'Guassian'fits'to'Galectin'33cellulose'force'and'length'
histograms'
*Data!on!the!left!is!for!forces,!and!on!the!right!are!lengths.!
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Appendix B 
NMR spectra for novel compounds. 
!
Figure'68:'Compound'2.2'1H3NMR'
!
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!
!
Figure'69:'Compound'2.2'13C3NMR'
!
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!
Figure'70:'Compound'3.2'1H3NMR'
!
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!
Figure'71:'Compound'3.2'13C3NMR'
!
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!
Figure'72:'Compound'3.2'COSY'
!
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!
Figure'73:'Compound'3.2'HMQC'
!
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!
Figure'74:'Compound'3.6'1H3NMR'
!
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!
Figure'75:'Compound'3.6'13C3NMR'
!
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!
Figure'76:'Compound'3.6a'1H3NMR'
!
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!
Figure'77:'Compound'3.6a'13C3NMR'
!
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!
Figure'78:'Compound'3.7a'1H3NMR'
!
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!
Figure'79:'Compound'3.7a'13C3NMR'
!
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!
Figure'80:'Compound'3.7b'1H3NMR'
!
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!
Figure'81:'Compound'3.7b'13C3NMR'
!
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!
Figure'82:'Compound'3.8'1H3NMR'
!
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!
Figure'83:'Compound'3.8'13C3NMR'
!
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!
Figure'84:'Compound'3.8'COSY'
!
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!
Figure'85:'Compound'3.8'HMQC'
!
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!
Figure'86:'Compound'3.9'1H3NMR'
!
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!
Figure'87:'Compound'3.9'13C3NMR'
!
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!
Figure'88:'Compound'3.9'COSY'
!
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!
Figure'89:'Compound'3.9'HMQC'
!
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!
Figure'90:'Compound'3.10'1H3NMR'
!
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!
Figure'91:'Compound'3.10'13C3NMR'
!
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!
Figure'92:'Compound'3.10'COSY'
!
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!
Figure'93:'Compound'3.10'HMQC'
!
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!
Figure'94:'Compound'3.11'1H3NMR'
!
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!
Figure'95:'Compound'3.11'13C3NMR'
!
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!
Figure'96:'Compound'3.11'COSY'
!
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!
Figure'97:'Compound'3.11'HMQC'
!
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!
Figure'98:'Compound'3.12a'1H3NMR'
!
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!
Figure'99:'Compound'3.12a'13C3NMR'
!
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!
Figure'100:'Compound'3.12a'COSY'
!
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!
Figure'101:'Compound'3.12a'HMQC'
!
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!
Figure'102:'Compound'3.12b'1H3NMR'
!
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!
Figure'103:'Compound'3.12b'13C3NMR'
!
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!
Figure'104:'Compound'3.12b'COSY'
!
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!
Figure'105:'Compound'3.12b'HMQC'
!
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!
Figure'106:'Compound'3.13'1H3NMR'
!
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!
Figure'107:'Compound'3.13'13C3NMR'
!
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!
Figure'108:'Compound'3.13'COSY'
!
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!
Figure'109:'Compound'3.13'HMQC'
!
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!
Figure'110:'Compound'3.13'TOCSY'
!
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!
Figure'111:'Compound'3.14'1H3NMR'
!
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!
Figure'112:'Compound'3.14'13C3NMR'
!
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!
Figure'113:'Compound'3.14'COSY'
!
!310!
!
Figure'114:'Compound'3.14'HMQC'
!
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!
Figure'115:'Compound'3.15'1H3NMR'
!
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!
Figure'116:'Compound'3.15'13C3NMR'
!
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!
Figure'117:'Compound'3.15'COSY'
!
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!
Figure'118:'Compound'3.15'HMQC'
!
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!
Figure'119:'Compound'3.16a'1H3NMR'
!
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!
Figure'120:'Compound'3.16a'13C3NMR'
!
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!
Figure'121:'Compound'3.16a'COSY'
!
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!
Figure'122:'Compound'3.16a'HMQC'
!
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!
Figure'123:'Compound'3.16b'1H3NMR'
!
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!
Figure'124:'Compound'3.16b'13C3NMR'
!
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!
Figure'125:'Compound'3.16b'COSY'
!
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!
Figure'126:'Compound'3.16b'HMQC'
!
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!
Figure'127:'Compound'3.17'1H3NMR'
!
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!
Figure'128:'Compound'3.17'13C3NMR'
!
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!
Figure'129:'Compound'3.17'COSY'
!
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!
Figure'130:'Compound'3.17'HMQC'
!
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!
Figure'131:'Compound'3.18'1H3NMR'
!
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!
Figure'132:'Compound'3.18'13C3NMR'
!
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!
Figure'133:'Compound'3.18'COSY'
!
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!
Figure'134:'Compound'3.18'HMQC'
!
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!
Figure'135:'Compound'3.19'1H3NMR'
!
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!
Figure'136:'Compuond'3.19'13C3NMR'
!
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!
Figure'137:'Compound'3.19'COSY'
!
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!
Figure'138:'Compound'3.19'HMQC'
!
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!
Figure'139:'Compound'3.20'1H3NMR'
!
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!
Figure'140:'Compound'3.20'13C3NMR'
!
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!
Figure'141:'Compuond'3.20'COSY'
!
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!
Figure'142:'Compound'3.20'HMQC'
!
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!
Figure'143:'Compound'3.21'1H3NMR'
!
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!
Figure'144:'Compound'3.21'13C3NMR'
!
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!
Figure'145:'Compound'3.21'COSY'
!
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!
Figure'146:'Compound'3.21'HMQC'
!
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!
Figure'147:'Compound'3.21'TOCSY'
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Appendix C 
Thermodynamic models for CB[7]-methonium binding 
Detailed!thermodynamic!models!for!chapter!4!were!developed!in!collaboration!
with!Dr.!Yi!Wang!and!are!presented!below.!
Enthalpy 
The!binding!enthalpy!of!the!CB[7]•1!complexes!(∆ HCB[7]•1 )!can!be!separated!into!
pairwise!additive!contributions!from!ligandSreceptor!interactions!(∆ H intCB[7]•1 )!and!
desolvation!(∆ HdesolvCB[7]•1 ).!∆ H intCB[7]•1 !can!be!written!as!
∆ H intCB[7]•1 =∆ U1 +∆ UCB[7] +∆ UCB[7]−1 !
Equation'52,'
where!∆ ... = ... B − ... F !and! ... B !and! ... F !denote!the!Boltzmann!weighted!
averages!of!the!bound!and!free!states!respectively,!U1 !and!UCB[7] !are!the!internal!
energies!of!ligand!1!and!CB[7]!respectively,!and!UCB[7]−1 !is!the!interaction!energy!
between!CB[7]!and!1!(not!to!be!confused!with!the!internal!energy!of!the!CB[7]•1!
complex).!The!hostSguest!interaction!in!the!free!state!( UCB[7]−1 F )!is!set!as!the!reference!
energy!in!our!analysis.!We!further!decompose!∆ U1 !into!the!internal!energy!
contributions!from!the!Tris!anchor!(∆ UTris ),!the!alkyl!linker!(∆ ULink ),!and!the!
change!of!TrisSlinker!interaction!energy!upon!binding!(∆ UTris−Link ),!which!we!assume!
to!be!unchanged!across!the!ligand!series!in!accordance!with!the!anchor!principle.257,%258!
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The!change!in!CB[7]!internal!energy!upon!binding!(∆ UCB[7] )!is!assumed!to!contain!
two!additive!terms!from!Tris!(∆ UCB[7]Tris )!and!the!alkyl!chain!(∆ UCB[7]Link ).!Assuming!the!
ligandSreceptor!interaction!is!pairwise!additive,!∆ H intCB[7]•1 !is:!
∆ H intCB[7]•1 =∆ UTris +∆ ULink +∆ UCB[7]Link + UCB[7]−Tris B + UCB[7]−Link B !
Equation'53,'
where!UCB[7]−Tris !and!UCB[7]−Link !are!the!CB[7]STris!and!CB[7]Slinker!interaction!energies!
respectively.!∆ HdesolvCB[7]•1 !represents!the!desolvation!enthalpy!for!the!CB[7]!cavity!
(∆ Hdesolv, CB[7] ),!the!Tris!anchor!(∆ Hdesolv, Tris )!and!the!alkyl!chain!(∆ Hdesolv, Link ).!
The!contribution!perSmethylene!to!binding!enthalpy!(∆ HCH2 )!in!our!system!contains!
contributions!from!both!desolvation!and!CB[7]Smethylene!interactions.!Based!on!
Schneider’s!linear!free!energy!relationship,259!we!applied!a!linear!approximation!by!
partitioning!∆ HbCB[7]•1 !measured!via!ITC!as!a!function!of!the!number!of!methylene!
groups!in!the!linker!(N):!
∆ HbCB[7]•1 = N •∆ HCH2 +∆ H0 !
Equation'54.'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''
N •∆ HCH2 includes!all!of!the!terms!in!∆ H intCB[7]•1 !and!∆ HdesolvCB[7]•1 !pertaining!to!the!alkyl!
linker:!
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N •∆ HCH2 =∆ ULink +∆ UCB[7]Link + UCB[7]−Link B +∆ Hdesolv, Link !
Equation'55;'
∆ H0 !is!defined!to!account!for!the!remaining!contributing!terms!in!∆ HbCB[7]•1 .!
Similarly,!the!binding!enthalpy!of!the!CB[7]•2!complexes!(∆ HbCB[7]•2 )!is!decomposed!
into!an!intrinsic!interaction!term!(∆ H intCB[7]•2 )!!and!a!desolvation!term!(∆ HdesolvCB[7]•2 ),!which!
can!be!expressed!via!the!following!expressions:!
∆ H intCB[7]•2 =∆ UTris +∆ ULink +∆ UAm +∆ UCB[7]Tris +∆ UCB[7]Link
+∆ UCB[7]Am + UCB[7]−Tris B + UCB[7]−Link B + UCB[7]−Am B
!
Equation'56,'
∆ HdesolvCB[7]•2 =∆ Hdesolv, CB[7] +∆ Hdesolv, Tris +∆ Hdesolv, Link +∆ Hdesolv, Am !
Equation'57,''''''''''''''''''
where!UAm ,!∆ UCB[7]Am ,!UCB[7]•Am !and!∆ Hdesolv, Am !are!the!internal!energy!of!methonium,!
the!change!of!CB[7]!internal!energy!due!to!the!binding!of!methonium,!the!CB[7]S
methonium!interaction!energy!and!the!enthalpy!change!for!partial!desolvation!of!
methonium!in!the!CB[7]•2!complex.!∆ HbCB[7]•2 !contains:!1)!contributions!whose!
magnitudes!are!constant!throughout!the!series:!
(∆ UTris +∆ UCB[7]Tris + UCB[7]−Tris B +∆ Hdesolv, CB[7] +∆ Hdesolv, Tris ),!because!the!Tris!anchor!
binds!at!a!constant!position!relative!to!the!host;!2)!contributions!from!the!linker!that!can!
be!approximated!as!N •∆ HCH2 :!(∆ ULink +∆ UCB[7]Link + UCB[7]−Link B +∆ Hdesolv, Link );!and!
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3)!contributions!from!methonium!binding!to!CB[7]:!
(∆ Hb, Am =∆ UAm +∆ UCB[7]Am + UCB[7]−Am B +∆ Hdesolv, Am ).!
We!next!define!the!binding!enthalpy!difference!(∆∆ Hb6→N )!between!ligand!2'with!N!
methylene!groups!in!the!linker!(∆ HbCB[7]•2 (N ) )!and!ligand!2d!with!six!methylene!groups!
(∆ HbCB[7]•2 (6) ),!setting!the!CB[7]•2d!complex!as!the!reference!state:!
∆∆ Hb6→N =
(N − 6)∆ HCH2 +∆∆ 6→N UAm +∆∆ 6→N UCB[7]Am +∆ 6→N UCB[7]−Am B +∆∆
6→N Hdesolv, Am
!
Equation'58,'
where!∆∆ 6→N ... !is!defined!as!∆ ... (N )−∆ ... 6( ) .!Here,!the!last!four!terms!of!
Equation!58!comprise!the!net%enthalpic%effect!of!methonium!moving!from!its!equilibrium!
position!in!the!CB[7]•2d!complex!to!another!position!closer!to!the!CB[7]!cavity:!
∆∆ Hb, Am6→N =∆∆ Hb6→N − (N − 6)∆ HCH2 !
Equation'59.'
!∆∆ Hb, Am6→N !contains!both!a!desolvation!term!(∆∆ Hdesolv, Am6→N )!and!a!term!representing!
contributions!from!intrinsic!interactions!(∆∆ H int, Am6→N ;!Equation!42):!
∆∆ H int, Am6→N =∆∆ 6→N UAm +∆∆ 6→N UCB[7]Am +∆ 6→N UCB[7]−Am B !
Equation'60.'
!
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If!we!assume!that!the!internal!energy!of!methonium!in!the!unbound!state!( UAm F )!is!the!
same!throughout!the!series,!∆∆ 6→N UAm !then!becomes:!
∆∆ 6→N UAm =∆ UAm (N )−∆ UAm (6) = UAm B (N )− UAm B (6) !
Equation'61.'
By!similarly!setting!the!CB[7]Smethonium!interaction!energy!in!the!unbound!state!
( UCB[7]−Am F )!to!zero,!∆∆
6→N UCB[7]−Am !becomes:!
∆∆ 6→N UCB[7]−Am = UCB[7]−Am B (N )− UCB[7]−Am B (6) !
Equation'62.'
Calculating!the!change!in!the!CB[7]!internal!energy!arising!from!repositioning!
methonium!(∆∆ 6→N UCB[7]Am )!is!not!straightforward.!Rather,!only!∆∆ 6→N UCB[7] !is!
computationally!accessible.!Replacing!∆∆ 6→N UCB[7]Am !with!∆∆ 6→N UCB[7] ,!however,!
would!lead!to!double!counting!of!∆∆ 6→N UCB[7]Link !and!∆∆ 6→N UCB[7]Tris ,!which!are!already!
accounted!for.!In!light!of!the!rigidity!of!the!CB[7]!structure,!we!assume!∆∆ 6→N UCB[7]Am !
to!be!zero!and∆∆ H int, Am6→N !becomes:!
∆∆ H int, Am6→N = UAm B (N )− UAm B (6)+ UCB[7]−Am B (N )− UCB[7]−Am B (6) !
Equation'63,'
where!all!components!of!∆∆ H int, Am6→N !can!be!readily!calculated!from!the!ensemble!
averages!of!the!internal!energy!of!methonium!in!the!bound!state!( UAm B )!and!the!CB[7]S
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methonium!interaction!energy!in!the!bound!state!( UCB[7]−Am B )!from!trajectories!of!MD!
simulations!of!the!CB[7]•2!complexes.!Therefore,!by!experimentally!determining!
∆∆ Hb, Am6→N !(Equation!41!or!Equation!59),!and!calculating!∆∆ H int, Am6→N !via%MD!simulations!
(Equation!63),!we!obtain!an!estimate!of!∆∆ Hdesolv, Am6→N ,!the!net%enthalpy%change!for!the!
incremental!desolvation!of!methonium.!
Heat capacity 
The!transfer!of!solute!from!water!induces!release!of!the!solvation!shell!water!to!the!bulk!
state;295!the!energetic!signature!for!this!process!changes!significantly!as!a!function!of!
temperature,!for!both!ionic!and!neutral!species.296,%297!As!such,!the!isobaric!heat!capacity!
changes!during!binding!(∆Cp =
∂Hb
∂T )!are!dominated!by!aqueous!desolvation.
271,%272!
Accordingly,!we!decompose!the!binding!heat!capacity!of!the!CB[7]•1!complexes!
(∆CpCB[7]•1 )!into!the!additive!heat!capacities!for!the!CB[7]!cavity!(∆CpCB[7] )!and!for!the!
Tris!anchor!(∆CpTris ),!which!are!independent!of!linker!length!(N),!and!the!NSdependent!
heat!capacity!for!the!alkyl!linker!(∆CpLink ).!A!linear!approximation!of!∆CpCB[7]•1 !vs.!N!
thus!produces!the!perSmethylene!contribution!to!binding!heat!capacity!(∆CpCH2 ).!Similar!
linear!approximations!can!also!be!applied!to!the!binding!free!energy!(∆GbCB[7]•1 )!and!
entropy!(∆ SbCB[7]•1 )!to!extract!the!corresponding!perSmethylene!contribution!(∆GCH2 !and!
∆ SCH2 ;!vide!infra).!For!the!CB[7]•2!complexes!
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∆CpCB[7]•2 =∆CpCB[7] +∆CpTris +∆CpLink −∆CpAm !
Equation'64.'
Here,!∆CpAm !is!the!contribution!from!methonium!to!the!overall!binding!heat!capacity!
(∆CpCB[7]•2 ).!Similar!to!binding!enthalpy,!we!use!the!CB[7]•2d!complex!as!the!reference!
state!and!define!∆∆Cp6→N !as!the!difference!in!binding!heat!capacity!for!the!CB[7]•2d!
and!CB[7]•2a3d'complexes.!Correcting!∆∆Cp6→N !!for!the!change!in!linker!contribution!
provides!the!net%change%in%heat%capacity!due!to!the!repositioning!of!methonium!from!
CB[7]•2d!to!CB[7]•2a3d!(∆∆Cp, Am6→N ):!
∆∆Cp, Am6→N =∆∆Cp6→N − (6− N )∆∆CpCH2 !
Equation'65,'
which!largely!reflects!the!degree!of!solvent!reorganization!upon!the!internalization!of!
methonium,!and!is!thus!related!to!the!temperature!sensitivity!of!∆∆ Hdesolv, Am6→N .!!
Free energy and entropy 
The!approach!similar!to!heat!capacity!can!be!applied!to!derive!the!net!change!in!free!
energy!and!entropy!upon!the!repositioning!of!methonium.!The!CB[7]•1!complexes!were!
used!to!quantify!the!free!energy!and!entropy!contributions!of!the!methylene!group!
(∆GCH2 ,!∆ SCH2 )!to!the!overall!binding!affinities.!We!partitioned!binding!free!energy!
(∆GbCB[7]•1 )!and!entropy!(∆ SbCB[7]•1 )!as!functions!of!the!number!of!methylene!groups!in!
the!linker!(N):!
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∆GbCB[7]•1 =∆GCH2 (N )+∆G0 !
Equation'66,'
∆ SbCB[7]•1 =∆ SCH2 (N )+∆ S0 !
Equation'67.'
The!linear!regression!produces!an!intercept!terms!∆G0 !and!∆ S0 ,!which!comprise!
multiple!phenomena!including!the!interaction!between!the!Tris!anchor!and!CB[7]!portal!
and!the!desolvation!of!CB[7]!cavity.!
Based!on!the!assumption!of!simple!group!additivity,!we!treat!∆Gb !and!∆ Sb !for!
the!CB[7]•2'complexes!as:!
∆GbCB[7]•2 =∆Gb, Am + N∆GCH2 +∆ !G0 !
Equation'68,'
∆ SbCB[7]•2 =∆ Sb, Am + N∆ SCH2 +∆ !S0 !
Equation'69,'
where!∆Gb, Am !and!∆ Sb, Am !are!the!free!energy!and!entropy!contributions!from!
methonium!group!to!the!overall!binding!thermodynamics.!By!setting!the!CB[7]•2d!
complex!as!the!reference!state,!and!defining!∆∆G6→Nb !and!∆∆ S6→Nb !as!the!difference!in!
binding!free!energy!and!entropy!for!the!formation!of!the!CB[7]•2d!and!CB[7]•2a3d'
complexes,!where!N!varies!systematically!between!3!and!5.!∆∆G6→Nb !and!∆∆ S6→Nb !
contain!contributions!from!the!change!of!linker!length!{ (N − 6)∆GCH2 !and!
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(N − 6)∆ SCH2 }!as!well!as!a!contribution!associated!with!repositioning!the!methonium!
group!from!its!equilibrium!position!in!CB[7]•2d!to!the!corresponding!position!in!the!
CB[7]•2a3c!complexes!(∆∆G6→Nb, Am !and!∆∆ S6→Nb, Am ),!which!are!expressed!as:!
∆∆G6→Nb, Am =∆∆Gb6→N − (N − 6)∆GCH2 =∆∆GbCB[7]•2a−c + (N − 6)∆GCH2 −∆∆GbCB[7]•2d !
Equation'70,'
%!∆∆ S6→Nb, Am =∆∆ SbCB[7]•2a−c + (N − 6)∆ SCH2 −∆∆ SbCB[7]•2d !
Equation'71.'
%%!
!
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Appendix D 
Representative CB[7]•4.1b-e ITC titrations 
!
Figure'148:'CB[7]•4.1b'ITC'titration'at'303'K'
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!
Figure'149:'CB[7]•4.1c'ITC'titration'at'298'K'
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!
Figure'150:'CB[7]•4.1d'ITC'titration'at'298'K'
!
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!
Figure'151:'CB[7]•4.1e'ITC'titration'at'298'K'
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Representative CB[7]•4.2a-d ITC titrations 
!
Figure'152:'CB[7]•4.2a'ITC'titration'at'298'K'
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!
Figure'153:'CB[7]•4.2b'ITC'titration'at'303'K'
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!
Figure'154:'CB[7]•4.2c'ITC'titration'at'298'K'
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!
Figure'155:'CB[7]•4.2d'ITC'titration'at'298'K'
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